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SUMMARY
Tensile static and tension-tension fatigue behaviour has been studied in 
coupon specimens made from continuous fibre reinforced glass/epoxy and 
carbon/epoxy laminates of various lay-ups, including a series of GFRP and 
CFRP 0,90,0 cross-ply laminates with different 90* ply thicknesses and CFRP 
0, 90, ±45 laminates with different ply stacking sequences, A variety of 
techniques has been used to monitor the accumulation of damage; microscopy on 
the polished edge of coupons, penetrant-enhanced X-radiography for CFRP 
laminates and visual observations for the transparent GFRP laminates.
Under static loading, mechanical properties and damage thresholds are 
established for the onset of events such as cracking in the 90* and 45* plies 
and delamination. The experimentally determined 90* ply cracking threshold 
strains agree with predictions based on fracture mechanics,' provided residual 
thermal strains are taken into account.
Fatigue failure data are obtained for the CFRP laminates and plotted as 
conventional S-logN curves. The fatigue behaviour of the CFRP laminates has 
also been described qualitatively using a form of fatigue life representation 
in terms of the predominant damage mechanisms observed during cyclic loading.
A detailed study of transverse ply matrix cracking showed that the mode 
of crack propagation depended on the type of loading. Crack growth across 
the width of the ply was instantaneous under static loading and at high 
cyclic stresses. At low cyclic stresses, i. e. below the static cracking 
threshold, cracks initiated only after a number of cycles (dependent on the 
stress level) and then grew slowly across the width of the ply throughout the 
course of loading. Slow crack growth was also observed at high cyclic 
stresses when the density of full width cracks was high and the crack spacing 
was small, The crack growth rate was found to be independent of crack length 
and to depend on crack spacing and hence was strongly influenced by 
interactions between neighbouring cracks. Fatigue growth of individual 
cracks was modelled using an approach based on an expression for the stress 
intensity factor at the tip of a transverse ply crack and a Paris fatigue 
crack growth relationship.
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CHAPTER 1 
INTRODUCTION
CHAPTER 1 INTRODUCTION
Composite materials containing continuous unidirectional carbon or glass 
fibres in a polymer matrix have very good specific tensile strength and 
specific stiffness when compared with conventional engineering materials such 
as metal alloys (Ashby and Jones 1987). Optimisation of these properties is 
especially important in certain applications, notably in the aerospace 
industry. Although the uniaxial tensile properties are superior to many 
metals, the highly anisotropic nature of unidirectional composites can be a 
disadvantage when the direction of loading is other than parallel to the 
fibres. This is overcome to some extent by stacking unidirectional plies 
together in different orientations to form a laminate.
In a multidirectional laminate, the fibres oriented parallel to the 
loading direction (usually termed the 0° plies) carry most of the load and 
provide most of the stiffness, 90* plies give transverse strength and 
stiffness and ±45* plies give shear strength and stiffness. However, under 
an applied load (which may be mechanical, thermal, hygrothermal, static or 
cyclic), the laminated nature of the material leads to a complicated state of 
damage,
This necessitates using a different approach to that taken for 
homogeneous materials. It is understanding the nature of this damage (which 
is obviously quite different from that in homogeneous, isotropic materials) 
and its effect on laminate properties (stiffness and strength) that is most 
important for developing satisfactory design procedures for composites.
Although the development of damage has been studied extensively in 
specific laminates since the late 1960's and is very well documented in the 
literature, the quantitative understanding of how damage grows, especially 
leading to failure under fatigue loading, is less well developed. There is a 
need for models which predict the effect of the damage and the growth rates 
of the different types of damage and for these models to be applicable to 
different composite materials, ply stacking arrangements and loading
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conditions. Otherwise, the use of composite materials in other than highly 
specialised applications will be limited.
The aim of the present work is to improve our understanding of composite 
behaviour and, as will become apparent, of one damage mode in particular: 
transverse ply cracking.
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CHAPTER 2 
LITERATURE REVIEW
CHAPTER 2 LITERATURE REVIEW
2. 1 INTRODUCTION
Damage in laminates is of four main types: matrix cracking parallel to 
the fibres in off-axis plies, delamination between plies, splitting parallel 
to the fibres in the longitudinal plies and fibre breakage and debonding.
The occurrence of these damage events depends on the laminate material, 
lay-up and stacking sequence and the mode of loading (static or fatigue).
The literature concerning damage development in composite laminates is very 
extensive, so the present review concentrates on those areas which are 
directly relevant to the scope of this thesis. In the remainder of this 
section, a brief description is given of each of the different types of 
damage as they occur under static loading. In Section 2.2 one type of 
damage, transverse ply matrix cracking, is discussed in detail. In 
Section 2,3, damage growth in fatigue is reviewed,
The general sequence of damage in a continuous fibre reinforced composite 
laminate under static tensile loading is as follows. First, fibre/matrix 
debonds initiate in the transverse (90*) ply and extend to form microcracks 
(Bailey and Parvizi 1981), which in turn form matrix cracks across first the 
thickness and then the width of the ply (e, g. Parvizi et al 1978, Bader et al 
1979), The number of cracks increases with increasing stress up to a maximum 
density before failure which depends on the ply thickness (e, g, Garrett and 
Bailey 1977, Reifsnider and Talug 1980, Reifsnider 1982). A similar array of 
cracks develops in the ±45" plies in quasi-isotropic laminates (e.g. Masters 
and Reifsnider 1982, Curtis 1983), Delamination initiates between plies of 
different orientation and grows inward from the laminate edges. The 
out-of-plane shear and normal stresses at the free edge of the laminate which 
cause delamination and the influence of laminate stacking sequence has been 
investigated by Pagano and Pipes (1971), O ’Brien (1982) and Curtis (1984).
At strains close to failure, cracking parallel to the fibres in the 
longitudinal ply occurs (Bailey et al 1979), followed by failure of the
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laminate due to tensile fracture of the fibres. The variation in fibre 
strength due to the distribution of flaws may be described by Weibull 
statistics. Progressive fibre failure and fibre/matrix debonding causes 
redistribution of the applied load which increases the probability of 
fracture of neighbouring fibres (e.g. Bader 1988), A higher concentration of 
fibre breaks is found at the intersection of transverse ply cracks with the 
longitudinal ply (e.g. Jamison 1985, 1986, 1987, Schulte 1983),
Damage leads to a degradation in laminate properties, notably stiffness 
reduction as a result of transverse ply matrix cracking (e.g. Hahn and Tsai 
1974, Highsmith and Reifsnider 1982, Ogin et al 1984),
The type of damage produced under fatigue loading and the sequence of 
development is similar to the damage produced under static loading and leads 
to degradation in the residual strength, stiffness and lifetime of the 
composite.
Many different methods are available for characterizing the development 
of damage in composites, for example, edge replication (Masters and 
Reifsnider 1982, Wevers 1987), acoustic emission (Wevers 1987), 
penetrant-enhanced X-radiography (Masters and Reifsnider 1982), deplying by 
partial pyrolysis of the matrix (Jamison 1985), optical microscopy and SEM 
observations on the coupon edge (Bailey and Parvizl 1981).
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TRANSVERSE PLY CRACKING
2,2,1 Introduction
Matrix cracking in the transverse ply is generally the first damage event 
to occur under both tensile static and fatigue loading in a multi-directional 
laminate, The accumulation of an array of transverse cracks in GFRP and CFRP 
laminates has been studied extensively both experimentally and theoretically 
as a function of variables such as 90* ply thickness and laminate stacking 
sequence using a variety of approaches which will be reviewed here briefly.
The strain at which cracking is initiated is found to be a function of 
transverse ply thickness and stiffness of the neighbouring ply. Under the 
influence of an applied mechanical (and/or thermal load) defects and flaws in 
the transverse ply may coalesce at a particular location to form a crack,
The fully developed crack spans the thickness and width of the ply and is 
bounded by the 0* ply, causing a redistribution of load in the 0° and 90° 
plies. The additional stress thrown onto the 0° plies in the plane of the 
transverse ply crack is transferred back into the 90* ply which leads to the 
formation of further transverse ply cracks.
This stress redistribution is the basis of shear lag analyses for 
modelling crack multiplication and the resulting laminate stiffness reduction 
(e.g. Parvizi et al 1978, Highsmith and Reifsnider 1982, Steif 1984). The 
location of additional cracks has also been analysed using statistical 
approaches to model the distribution of defects in the 9 0 ’ ply and fracture 
mechanics approaches for propagation of flaws into cracks (Wang et al 1984, 
Manders et al 1983, Fukunaga et al 1984, Laws and Dvorak 1988),
The number of cracks increases with increasing applied laminate stress or 
number of cycles under fatigue loading and may eventually reach a saturation 
density at high stress or long fatigue life.
The effects of transverse cracking on material properties, such as changes 
in stiffness, strength and fatigue behaviour are important to design of 
composite structures. Transverse cracking affects the stiffness of the 9 0 ’
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ply (and hence the laminate stiffness) and can promote 0° fibre failure in 
the vicinity of the crack. It can also promote delamination, especially 
under fatigue loading. Reifsnider and co-workers (1984, 1986) discuss the 
effect of damage in the 'sub-critical' off-axis plies on the 'critical' 
load-bearing 0° plies, leading eventually to failure under fatigue loading.
2.2.2 Crack initiation
The origin of transverse ply cracking is generally considered to be 
fibre/matrix debonding, Observations of crack initiation at the free edge of 
the coupon were made by Bailey and Parvizi (1981) using in-situ SEM on a 
transparent GFRP cross-ply laminate, Fibre/matrix debonds formed around 
individual fibres and linked up under increasing strain to span the thickness 
of the ply (and eventually the width). Although cracks tend to start at the 
edge of coupons due to local stresses associated with the free edge, crack 
initiation is also observed in the centre of the transverse ply under fatigue 
loading in cross-ply GFRP laminates (Ogin et al 1984, Poursartip 1983) and in 
Kevlar/epoxy laminates (Ganczakowski 1987). In opaque CFRP laminates, 
observations of crack initiation are limited to the free edge (Harrison and 
Bader 1981).
Fibre/matrix debonding is enhanced by strain magnification in the matrix 
between fibres to an extent which depends on the local fibre geometry. Kies' 
(1962) analysis of strain magnification effects was used by Garrett and 
Bailey (1977a, b) in discussing crack initiation. Crack nucleation generally 
occurs preferentially in regions of high fibre volume fraction (Bailey et al 
1979, Bader et al 1979). Sheard (1987) demonstrated the effect of various 
material parameters on crack initiation using a modified shear lag analysis 
compared with experiments on GFRP cross-ply laminates. The location of 
initial transverse cracks in a region of uniform ply thickness was controlled 
by regions of high glass content while for a wide distribution of ply 
thickness, cracking occurred where the ply was thickest. Manders et al 
(1983) comment on the variability of 9 0 a ply strength which is a consequence 
of random fibre packing. This forms the basis of their statistical approach 
to transverse ply cracking, in which cracks are assumed to occur at the
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weakest cross-sections of the ply with some mean frequency or density along 
the coupon length which depends on the applied strain.
2.2,3 Shear lag analysis and stiffness reduction in cracked laminates
Various workers have used a shear lag analysis to predict the relationship 
between applied stress and crack density, and laminate stiffness change with 
transverse crack density, for example, Garrett and Bailey <1977b), Manders et 
al (1983), Highsmith and Reifsnider (1982), Ogin et al (1984), Han et al 
(1988), Caslini et al (1988), Laws and Dvorak (1988), The shear lag analysis 
determines how the load which is shed completely into the 0° plies at the 
plane of a transverse crack is transferred back into the 90° ply by shear as 
a function of distance from the crack. As the applied laminate stress is 
increased, the enhanced transverse ply stress reaches a maximum at a point 
midway between two existing cracks, determining the location of the next 
crack where the ply strength is exceeded.
The analyses differ in details such as the assumed form of the 
longitudinal displacement profile through the thickness of the transverse 
ply. Garrett and Bailey (1977b) use a linear displacement profile leading to 
uniform shear stress across the transverse ply whereas Steif (Appendix Ogin 
et al 1984) and Han et al (1988) assume a parabolic variation of 
displacement. In an alternative shear lag analysis, Highsmith and Reifsnider 
(1982) assume that all of the shear deformation occurs in a thin region 
adjacent to the 0/90 interface,
Garrett and Bailey (1977b) first applied a shear lag analysis to cracking 
in cross-ply GFRP laminates which was based on a theory for multiple cracking 
developed by Aveston and Kelly (1973). This predicted an envelope of
allowable crack spacings based on a random position of the first crack in a
specimen of any given length as a function of applied stress. It is assumed 
that the transverse ply has a unique strength and that the first crack forms 
when the stress in the transverse ply reaches the ultimate strength of the 
transverse ply. The ply can only crack again when the ply strength is
exceeded, which, without an increase in applied laminate stress, will occur
at infinity. When the load is increased, the next crack will occur midway 
between two existing cracks, They obtained reasonable agreement between
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predicted and measured crack spacings although subsequent correction of an 
error in the theory by Parvizi and Bailey (1978) gave improved agreement.
The theory was also applied to CFRP cross-ply laminates by Bailey et al 
(1979) and Bader et al (1979), taking into account residual thermal stress, 
which is significant in CFRP.
Later approaches, such as those of Manders et al (1983) and Laws and 
Dvorak (1988), combine a shear lag analysis for the redistribution of stress 
as a result of cracking with a statistical description of the transverse ply 
strength rather than the constant strength assumed in the approach of Garrett 
and Bailey.
Stiffness reduction
The first work relating transverse ply crack density and laminate 
longitudinal stiffness reduction was reported by Hahn and Tsai (1974) on 
cross-ply laminates.
Poursartip (1983) modelled stiffness reduction in fatigue due to 
transverse cracking by analysing the curve of stiffness reduction with cycles 
for (0/90)2S laminate a± different load levels. A correlation was found 
between the slope of the stiffness reduction curve and the peak stress in the 
fatigue cycle: the slope measured was proportional to a power of the peak 
stress.
Talreja (1985) uses a 'continuum damage characterization' previously 
developed by him (1984) to predict stiffness changes due to transverse 
cracking from initiation to saturation. These stiffness changes when 
compared with experimental results for CFRP and GFRP laminates showed good 
agreement,
Highsmith and Reifsnider (1982) used a modified ply discount method to 
predict the longitudinal modulus of a GFRP cross-ply laminate at different 
transverse ply crack densities by reducing the modulus of the transverse ply 
in proportion its reduced contribution to the load-carrying ability, 
estimated by a shear lag analysis. (The ply discount method for estimating 
residual laminate stiffness after transverse ply cracking sets the transverse 
and shear moduli of the cracked off-axis ply to zero and then recalculates
the laminate modulus. This provides a lower bound to the residual laminate 
stiffness after saturation transverse cracking. ) The residual modulus 
estimated by this method underestimated the stiffness reduction in a (0/903)8 
laminate,
Talreja <1985) states that the ply discount method is unreliable for 
predicting minimum values of modulus of cracked laminates, giving an 
overestimate in cases where the transverse ply is highly constrained (thin 
ply) and an underestimate for low constraint cracking (thick ply). Talreja*s 
method characterizes the four material constants for an orthotropic laminate 
to obtain stiffness-damage relationships. His predictions of stiffness 
reduction agreed reasonably with experimental results and the predictions 
reported by Highsmith and Reifsnider, Talreja makes the point that it is 
important to consider changes in all moduli of cracked laminates since in the 
case of highly constrained cracking, there may be little change in the 
longitudinal modulus although the Poissons ratio may change significantly.
2. 2. 4 Cracking threshold strain
The threshold strain at which cracking begins is important in certain 
design applications, Hence, this has been the subject of much research. 
Experimental investigations of first ply failure on 0/90/0 glass/epoxy 
(Parvizi, Garrett and Bailey 1978) and graphite/epoxy (Flaggs and Kural 1982) 
showed increasing 90° ply strength with decreasing 90° ply thickness, Of the 
analytical models available for predicting first ply cracking strain, some 
are based on transverse ply strength (Garrett and Bailey 1977b, Manders et al 
1983, Fukunaga et al 1984) whilst others take a fracture mechanics approach 
(Parvizi et al 1978, Hahn and Johannesson 1984, Wang and co-workers 1980,
1982, 1984, Dvorak and Laws 1987, Ogin et al 1984).
Early work by Parvizi et al (1978) on glass/epoxy cross-ply laminates 
showed that decreasing the transverse ply thickness resulted in an increase 
in the transverse ply cracking threshold strain. Cracking was suppressed 
completely at small ply thicknesses. They used an energetics argument 
(following earlier work by Aveston and Kelly (1973) and Aveston, Cooper and 
Kelly (1971) to relate the first ply cracking strain to the transverse ply 
thickness, This approach was based on the thermodynamic requirement that the
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release of stored strain energy when a crack forms should exceed the energy 
of formation of the new fracture surface. The model predicts the trend 
observed experimentally of increasing transverse ply crack initiation strain 
with decreasing ply thickness although agreement was poor at large ply 
thickness.
Flaggs and Kural (1982) examined the effect of both transverse ply 
thickness and neighbouring ply orientation on the threshold cracking strain 
in (±0/90)s CFRP laminates. They found the same trend as Garrett and Bailey, 
and Crossman and Wang (1982) for (±25/90n)s CFRP with regard to the effect of 
decreasing ply thickness. Their results suggested additionally that reducing 
the modulus of the constraining plies decreases the threshold cracking 
strain. They compared their data to predictions of the original Garrett and 
Bailey model and the modified prediction by Flaggs (1985). The dependence of 
first ply failure strain on stiffness of the adjacent plies is also accounted 
for in the fracture mechanics approaches of Han et al (1988) and Caslini et 
al (1988).
The model of Garrett and Bailey (1977b) was also applied to carbon/epoxy 
laminates by Bailey et al (1979) and Bader et al (1979), taking into account 
the significant tensile residual thermal strains which develop in CFRP to 
obtain the total predicted cracking strain. They obtained good agreement at 
ply thicknesses less than 0.5mm (for GFRP) but at larger ply thicknesses, the 
transverse ply cracking threshold strain appears to approach a constant value 
which is approximately equivalent to the failure strain of the unidirectional 
transverse ply.
This is not predicted by the energetics model. It was suggested by Bailey 
and co-workers (1979) that the cracking process at large ply thickness is 
controlled by the mechanism of crack propagation rather than by the 
thermodynamic condition and should be equivalent to the failure strain of the 
90° lamina. The discrepancy between predicted and experimentally determined 
cracking strain at large ply thickness is treated in fracture mechanics 
approaches which use the concept of a critical crack nucleus of less than the 
transverse ply thickness. When the ply is thin, it is reasonable to assume 
that the flaw spans the ply thickness, which is an implicit assumption of the
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energetics approach. When the ply is thicker, the same assumption may not be 
reasonable.
The fracture mechanics approaches generally model the mechanism of ply 
cracking as the growth of a flaw in the transverse ply, which like the flaw 
modelled by Bailey and co-workers, spans the thickness of the ply and grows 
across the width parallel to the fibre direction (Dvorak and Laws 1987, Hahn 
and co-workers 1984, 1988, Ogin et al 1984, Caslini et al 1988).
Alternatively, the flaw spans the width of the ply and grows across the ply 
thickness (Wang and co-workers 1980, 1982, 1984). These flaws may be 
inherent defects, such as fibre/matrix debonds and voids arising from the 
fabrication process, or may form under stress at locations determined by the 
local ply microstructure. To analyse mechanism-controlled cracking in thick 
transverse plies, Ogin et al (1984) and Dvorak and Laws (1987) consider the 
case of a flaw which partially spans both the width and thickness of the ply.
The strain energy release rate associated with transverse ply crack growth 
has been used frequently (Han et al 1988, Dvorak and Laws 1987, Wang 1983, 
Caslini et al 1988, Poursartip 1983). An alternative fracture mechanics 
approach based on stress intensity factor was suggested by Ogin and Smith 
(1985, 1987) to derive a criterion for first ply failure strain. From their 
approximate expression for the stress intensity factor for a 
through-thickness transverse ply crack propagating across the width of the 
ply under conditions of large crack spacing (Ogin et al 1984), they obtained 
an expression for the transverse cracking threshold strain. This gave good 
agreement with both the experimental data and the theoretical predictions of 
Parvizi et al (1978) for GFRP cross-ply laminates,
Based on the concept of an enclosed flaw of critical size within the 
transverse ply, they also considered mechanism-controlled crack growth in 
thick plies. They calculated the critical 90* ply thickness at which the 
threshold strain for transverse cracking increased considerably, 
corresponding to unconstrained cracking in thick transverse plies. By 
relating the 90* ply toughness parallel to the fibre direction to their 
expression for the stress intensity factor, they were able to calculate the 
critical transverse ply thickness at which the cracking strain increased 
significantly, corresponding to the transition to mechanism controlled crack
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growth at large ply thickness. They obtained good agreement with 
experimental observations of thick/thin transition behaviour at ply 
thicknesses of about 0.5mm for GFRP (Parvizi et al 1978) and CFRP laminates 
(Bader et al 1979). Ogin and Smith (1987) draw a generalized diagram for 
first ply failure for laminates with different transverse ply thickness and 
toughness using published data for several CFRP and GFRP laminates.
In later work by Dvorak and Laws (1987), the dependence of cracking mode 
on ply thickness is also considered using a similar enclosed flaw concept.
They determine the strain energy release rate for growth of the flaw normal 
to the fibre direction (across the ply thickness) and parallel to the fibre 
direction (across the ply width). The strength of thin plies is found to be 
controlled by propagation parallel to the fibres of a flaw which spans the 
ply thickness. In thick plies, cracking perpendicular to the fibre direction 
determines ply strength. Agreement with the experimental data of Bailey and 
co-workers for CFRP and GFRP laminates is good. The authors note that the 
strain energy release rate for propagation across the ply width does not 
depend on crack length and that a crack may be arrested easily if it enters a 
region of low stress (due to stress shielding and a consequent dependence on 
crack spacing) or locally higher toughness.
Hahn and co-workers (Hahn and Johannesson 1984, Han et al 1988) derive an 
expression for threshold cracking strain by considering the energy balance 
before and after propagation across the width of the transverse ply of a 
through-thickness flaw using a strain energy release rate approach. The 
authors note the equivalence of this expression with the condition derived 
using a thermodynamics approach by Parvizi et al (1978). The approach 
equates the energy release rate for widthwise growth of a long 
through-thickness flaw to the work of crack closure per unit width of the 
fully developed flaw. The energy release rate is independent of crack length 
and its growth is therefore stable, in contrast to the growth of an 
unconstrained through-thickness crack.
Comparison between their experimental results for CFRP cross-ply laminates 
with different 90° ply thicknesses and their predictions of threshold 
cracking strain (and with predictions from the analysis of Parvizi et al 
1978) showed increasingly poor agreement with increasing transverse ply
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thickness. This is attributed to the assumption of a through-thickness flaw 
in the model and the change to mechanism controlled crack growth at large ply 
thickness, which occurs at about n=3 in laminates, i. e. at about
0, 8mm.
Caslini et al (1988) also predict the onset of transverse cracking in a 
cross-ply laminate using an expression for the critical strain energy release 
rate for crack formation as a function of the crack density. Their approach 
is based on a shear lag analysis to determine the relationship between 
stiffness reduction and crack density in an array of regularly spaced fully 
developed cracks. The expression for the critical strain energy release rate 
for the onset of transverse cracking is obtained by setting the crack density 
to zero.
Models for transverse ply first failure which take account of the 
statistical nature of crack initiation are also available, replacing the 
concept of constant transverse ply strength. Based on the shear lag analysis 
of Garrett and Bailey (1977b), Manders et al (1983) analysed transverse 
cracking initiation and multiplication in a GFRP cross-ply laminate using a 
Weibull strength distribution to take account of the variability in 
transverse ply strength. They predict that the threshold cracking strain 
depends on the volume of the ply. They conclude that a statistical approach 
to ply strength was appropriate at low crack density since the location of a 
crack is determined by the distribution of weak points in the ply,
In an alternative statistical approach to transverse ply strength was used 
by Fukunaga et al (1984) to determine an expression for the threshold 
cracking strain, it was found that first ply failure strain is very sensitive 
to local variation in ply geometry.
The approach of Wang and co-workers (1980, 1982, 1984) combines a 
statistical description of transverse ply strength, in terms of a 
distribution of flaw sizes and locations, and a fracture mechanics approach 
to determine the criterion for propagation of the flaws. They examine the 
propagation of a distribution of effective transverse ply flaws which span 
the full ply width but extend only part way across the ply thickness. The 
energy release rate associated with growth of the flaws across the thickness
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is calculated using a finite element crack closure technique. The static 
cracking threshold corresponds to unstable flaw propagation when the critical 
strain energy release rate of the ply is reached.
2,2,5 Crack multiplication
The number of transverse ply cracks increases with increasing applied 
stress above the cracking threshold stress, The relation between laminate 
stress and crack spacing has been predicted using a number of models.
The approaches to transverse ply crack multiplication under static loading 
are mainly based either on fracture mechanics descriptions of the ply 
strength (Parvizi et al 1978, Flaggs and Kural 1982, Crossman and Wang 1982, 
Wang 1983, Ogin et al 1984, Dvorak and Laws 1987, Caslini et al 1988) or a 
description of the how the ply strength is influenced by the statistical 
distribution of defects in the 90° ply (Manders et al 1983, Fukunaga et al 
1984, Peters 1986, Laws and Dvorak 1988).
Garrett and Bailey's (1977b) shear lag model for crack multiplication in 
glass/polyester cross-ply laminates is described in Section 2.2,2.
Using a fracture mechanics approach based on the strain energy release 
rate for transverse crack propagation, Han et al (1988) analyse the case of a 
cross-ply laminate containing an array of equally spaced cracks and find a 
solution for the stress field in the cracked laminate using a parabolic crack 
opening displacement. Crack multiplication is considered by calculating the 
energy released as a result of ply cracking to predict the increase in crack 
density. The predicted stress to produce a crack density N remains roughly 
independent of crack density and the energy release per crack does not 
increase significantly until the crack density is high enough to allow 
interaction between cracks. This leads to the prediction of the formation of 
a high density of cracks simultaneously with only a small increase in load, 
which is not always observed experimentally. They suggest that the fracture 
surface energy density is not homogeneous but is an increasing function of 
the crack density. The fracture surface energy can therefore be determined 
from the experimental load/crack density relationship and y is an 
approximately linear function of crack density, increasing in slope with 
increasing ply thickness. From the y/crack density relation, resistance
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curves for crack multiplication are proposed for composites to represent the 
inhomogeneity of fracture energy.
Caslini et al (1988) also analyse transverse ply crack formation in GFRP 
cross-ply and quasi-isotropic laminates under static and fatigue loading 
using the strain energy release rate. They predict the onset of transverse 
cracking with an expression for the critical strain energy release rate for 
crack formation. They obtain a closed form expression for the strain energy 
release rate for matrix cracking in a cross-ply laminate as a function of the 
crack density via a shear lag expression for stiffness reduction in terms of 
crack density. The authors note that the expression for the critical strain 
energy release rate for the onset of transverse cracking, obtained by setting 
the crack density to zero, is similar to those derived from the shear lag 
based model of Parvizi et al (1978).
They plot crack resistance curves, similar to those of Han et al (1988), 
which show the progressive resistance to the formation of new cracks as the 
crack density increases, corresponding to an increase in apparent critical 
strain energy release rate. This is attributed to the reduced load transfer 
capability of the plies adjacent to the transverse ply as the crack spacing 
decreases.
The approach of Caslini et al (1988) involves expressing G as a function 
of the change in laminate stiffness with total crack area. In this case, the 
total crack area is converted to an equivalent crack density for an 
equidistantly spaced array of cracks having this area. In common with other 
crack multiplication models, this is an unrealistic crack pattern compared to 
experimental observations of crack accumulation.
The non-uniformity of transverse ply strength and the requirement of 
increased stress to increase the crack density observed experimentally and 
implied by these analyses is reflected in the statistical approaches to crack 
multiplication. Statistical approaches generally combine a statistical 
description of the distribution of strengths in the transverse ply with a 
shear lag analysis. They determine the transverse ply stress between cracks 
in order to obtain the location of additional cracks.
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In an energetics approach to cracking, the location of cracks (after the 
first crack) is determined by the stress redistribution resulting from the 
initial cracking event. The discrepancy between predicted and actual crack 
accumulation data under static loading is addressed in shear lag analyses 
modified to take account of the statistical distribution of ply strengths 
(e.g. Manders et al 1983 and Fukunaga et al 1984).
Manders et al (1983) analysed transverse cracking initiation and 
multiplication in a GFRP cross-ply laminate using a Weibull strength 
distribution to take account of the variability in transverse ply strength. 
Measurements of transverse ply crack spacing with load in a GFRP cross-ply 
laminate (to determine the statistical parameters) showed that a 
two-parameter Weibull distribution was more appropriate to describe the 
transverse ply strength than the assumption of a unique transverse ply 
strength implicit in the model of Garrett and Bailey (1977b), Manders et al 
found that the probabilistic approach was most appropriate at low crack 
density when crack spacings are very much larger than the region of 
undisturbed stress between cracks. In this regime, the crack location is
determined by the distribution of weak points in the ply. At high crack
density, the stress distribution between cracks is very non-uniform and this 
becomes the dominant parameter in determining the location of new cracks. It
was found that the probability of a crack forming close to an existing crack
is lowered.
This approach was followed in a similar statistical model proposed by 
Fukunaga et al (1984) incorporating the effects of residual thermal and ply 
interaction (Poisson) stresses. They used a shear lag analysis to determine 
the stress distribution in the vicinity of a transverse crack and a 
two-parameter Weibull distribution for the transverse ply strength, A new 
transverse crack was assumed to occur midway between two adjacent cracks at a 
50% probability of failure, The non-uniform stress distribution in the 
cracked 90* ply was considered, taking into account the lower probability of 
a new crack forming close to an existing crack identified by Manders et al 
(1983). Reasonable agreement was obtained between measured and predicted 
crack spacings using a constant value of the Weibull shape parameter.
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Peters (1986, 1987) observed an increase in Weibull shape parameter and 
ply strength with decreasing 90’ ply thickness in cross-ply CFRP laminates.
He explained this in terms of the constraint on the growth of defects in a 
region of constant extent close to the interface, which is more effective in 
thinner plies, Peters notes the consequent limitations on the use of a 
Weibull strength distribution,
Wang et al (1984) develop a statistical simulation model for the 
accumulation of transverse ply cracks under both static and fatigue loading 
using the strain energy release rate for propagation of a distribution of 
flaws which span the complete width of the ply and grow across the ply 
thickness, The flaw sizes and locations within the transverse ply are 
normally distributed. The first crack forms under static loading when the 
strain energy release rate of the largest flaw (calculated by a finite 
element method) equals the critical energy release rate of the material. The 
energy release rate of neighbouring flaws is now reduced, due to stress 
shielding, by an energy release rate retention factor which depends on the 
crack spacing. This leads to the requirement that applied stress for the 
second crack must be higher than to produce the first crack, The applied 
load is then increased until the next largest flaw can propagate and the 
procedure is repeated until saturation cracking is reached, The model is 
also applied to crack growth under fatigue loading (discussed here in 
Section 2. 2. 6),
Recent work by Laws and Dvorak (1988) takes a different approach to the 
statistics of progressive cracking. The location of a crack is determined by 
a probability density function which is taken to be proportional to the 
stress in the transverse ply, calculated by a shear lag analysis. Crack 
propagation is considered energetically favourable when the critical strain 
energy release rate for crack growth across the ply is attained. The authors 
make use of expressions for G derived by them in earlier work concerned with 
first ply failure (Dvorak and Laws 1987), Agreement between their 
predictions of laminate stiffness reduction as a function of crack density 
and crack density as a function of applied load (Highsmith and Reifsnider 
1982, Wang 1982, 1983) is reasonable.
17
The maximum crack density obtained at high static load or after many 
fatigue cycles has been taken to correspond to a saturation crack density.
Wang and Crossman (1980) took the saturation crack spacing as the distance 
between two adjacent cracks at which the cracks interact, reducing the strain 
energy release rate. Reifsnider and co-workers termed the saturation crack 
pattern in multi-directional laminates the characteristic damage state, CDS, 
which could be predicted by a shear lag analysis (Masters and Reifsnider 
1982), The CDS consists of a uniform array of cracks in each off-axis ply 
which develops at high static load or at high number of fatigue cycles and 
remains stable until fracture. The crack spacing was found to depend on ply 
thickness and orientation and laminate stacking sequence. Manders et al 
(1983) note that the probability of cracking close to existing cracks is 
reduced since the stress is zero in the plane of the transverse crack and 
builds up either side of the crack by shear stress transfer from the 0° 
plies. The unstressed length in the vicinity of the crack is approximately 
one transverse ply thickness.
2.2.6 Fatigue cracking
Transverse ply cracks can initiate under constant amplitude fatigue 
loading at stresses below the static threshold for cracking, The threshold 
number of cycles for the onset of cracking and the rate of crack growth 
depends on the cyclic stress level.
Although crack patterns viewed on the coupon edge may appear similar under 
static and cyclic loading, the extent of cracks across the width of the ply 
may be significantly different in fatigue. In contrast to the evenly spaced 
array of full-width cracks generally observed at static saturation, the 
fatigue crack pattern in a GFRP cross-ply laminate with a thin 90° ply (Ogin 
and Smith 1985) may consist of many short cracks nucleated randomly 
throughout the ply. This type of fatigue cracking is also observed in 
Kevlar/epoxy cross-ply laminates (Ganczakowski et al 1987), (Observations in 
CFRP laminates are very limited because of experimental difficulties). 
Transverse ply cracks in GFRP are observed to grow stably across the width of 
the ply under fatigue loading at a rate which depends on the cyclic stress 
level and on interactions with neighbouring cracks (Ogin et al 1984). Crack 
arrest can occur at sufficiently small spacings. This behaviour contrasts
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with the instantaneous crack propagation across the ply width observed under 
static loading.
The observed mode of crack development under fatigue loading has 
implications for the applicability of a model applied to crack 
multiplication, It is important to consider a realistic arrangement of 
cracks and to account for interactions between cracks which affect their 
growth rate as the crack density increases. This can be done by accounting 
for the distribution of crack spacings, for example, Wang et al (1984), Ogin 
et al (1984). These models quantify the qualitative suggestion made by 
Harrison and Bader (1981) from their observations on transverse crack 
accumulation in CFRP cross-ply laminates under fatigue loading that the rate 
of growth of individual cracks will decrease as the spacing between cracks 
decreases,
Poursartip (1983) modelled transverse ply cracking using the relationship 
between strain energy release rate, G, and change in laminate compliance with 
transverse ply crack length, dC/da:
i.e. G = (P2/2B)dC/da
where P is the laminate load, B the laminate thickness. Poursartip showed 
that there was a correlation between the slope of the normalised stiffness 
with cycles curve (measured at a normalised stiffness of 90%, during the 
matrix cracking regime) and the peak cyclic stress for a GFRP cross-ply 
laminate, Unfortunately, it was difficult to obtain the compliance/crack 
length relationship over the whole range of the stiffness reduction curve at 
constant peak stress and hence the relationship to individual crack growth 
could not be assessed,
Ogin and co-workers (1984, 1985) report observations on transverse ply
cracking and the resulting stiffness reduction in a GFRP cross-ply laminate 
under fatigue loading. Using Steif’s shear lag model, they obtained an 
approximate linear relationship between laminate stiffness reduction and 
transverse crack density which gave good agreement with their experimental 
data. The rate of modulus reduction was found to be proportional to a power 
of the peak fatigue stress (Ogin et al 1985a), as found by Poursartip (1983). 
They derive an approximate expression for the stress intensity factor at the
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tip of a transverse ply crack which spans the ply thickness and grows across 
the width of the ply (1984, 1985b). The crack is bounded by the 0° plies so 
that load is transferred into the 0° plies by shear at the 0/90 interfaces
along the length of the crack and does not build up at the crack tip. The
stress intensity at the crack tip arises from the localised stress 
disturbance there which is assumed to have a characteristic length of 
approximately half the transverse ply thickness, 2d, Since the crack is not 
a through thickness crack but is bounded by the 0° plies, the stress
intensity factor is less than o-/<Tcd> and is taken as
K = crt/(2d)
where oq is the stress in the transverse ply acting on the crack tip. This 
stress is a function of the spacing between cracks and decreases as the 
spacing decreases, in accordance with the ideas of stress shielding 
incorporated in other models, such as the strain energy release rate 
retention factor of Wang et al (1984). The stress intensity factor therefore 
depends on the spacing between cracks and is independent of crack length.
This can be compared with a feature common to the transverse ply crack 
analyses of Hahn and Johannesson (1984) and Dvorak and Laws (1987) where it 
is the energy release rate which is independent of crack length.
The relationship between the maximum stress intensity factor and the total 
transverse ply crack growth rate was investigated experimentally for a GFRP 
cross-ply laminate (1985b) via a Paris fatigue crack growth law. The total 
crack growth rate was inferred from measurements of the rate of normalised 
stiffness reduction with cycles at different stresses. An expression 
relating the stress intensity factor to the normalised stiffness was then 
used, They found good correlation on a log-log plot between inferred total 
crack growth rate and the maximum stress intensity factor at different 
maximum cyclic stresses. The exponent in the Paris law was approximately 6.
Smith (1985) also applied this idea to CFRP cross-ply laminates with 
different 90° ply thicknesses, taking account of residual thermal stress.
Both the stress intensity factor range (AK) and maximum stress intensity 
factor (Kmax) were correlated with inferred total crack growth rate, with
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closer agreement for Kmax. The exponent in the Paris law was approximately 
18.
These correlations quantified the macroscopic effect of transverse crack 
growth on laminate stiffness reduction during fatigue, Ogin et al (1984) 
also measured growth rates and spacings for individual cracks which confirmed 
the predicted independence of crack growth rate on crack length and the 
dependence on spacing. At small spacings (corresponding to approximately a 
half of the transverse ply thickness) crack growth was arrested as a 
consequence of stress shielding which reduces the stress intensity at the 
crack tip below the threshold level for crack growth.- They discuss the 
observed balance between crack arrest and the continuous generation of new 
crack nuclei by the fatigue growth of flaws within the transverse ply. No 
observations of individual cracks were made in the CFRP laminates (Smith 
1985).
Ogin and Smith (1987) describe fatigue crack nucleation quantitatively 
using a Paris law to relate the stress intensity factor at the boundaries of 
an enclosed flaw to the rate of growth across first the ply thickness and 
then the width of the ply. Their observations on GFRP laminates show that 
cracks can nucleate within the bulk of the ply as well as at the coupon edge. 
The process of fatigue growth of fibre/resin debonds to form crack nuclei may 
account for the possibility of reaching a higher crack density under cyclic
loading than in static loading.
Wang et al (1984) also model crack growth under fatigue loading, assuming 
a simple power law dependence on the strain energy release rate of the growth 
rate of flaws across the thickness of the transverse ply. A transverse crack 
forms when the flaw has grown to a critical size and the simulation of 
multiple cracking proceeds as under static loading, As in the fracture 
mechanics model of Ogin et al, the energy release rate depends on crack 
spacing and is reduced by crack interactions. Good agreement was obtained 
with experimental data for crack density with cycles for a cross-ply 
laminate.
Caslini et al (1988) use their expression for the strain energy release
rate for matrix cracking in a cross-ply laminate to analyse cracking under
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cyclic loading. They predict a large decrease in critical strain energy 
release rate for crack formation in fatigue which is reflected in 
experimental observations of a lower fatigue threshold cracking strain. 
However, their approach is based on the formation of a regular array of 
full-thickness and full-width cracks with an implicit assumption that as the 
crack density increases, the cracks are redistributed to maintain equidistant 
spacing. Observations of fatigue crack growth (e.g. Ogin et al 1984, 
Poursartip 1983) demonstrate that this model is physically unrealistic.
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FATIGUE OF LAMINATES
The failure criterion applied to fatigue in metals is usually fracture, 
i.e. complete separation of the two sections of the test-piece. This 
criterion is inadequate for composite materials since extensive damage in the 
form of fibre/matrix debonding, matrix cracking, delamination and fibre 
breakage may occur before final fracture, hence, the laminate may have failed 
in terms of a stiffness or residual strength criterion, depending on the 
material application. However, a failure criterion based on debonding (as 
observed for example by Owen 1974) would be far too conservative and would 
reduce the viability of composites as structural materials. The inadequacy 
of complete failure as a fatigue failure criterion for composite laminates 
was illustrated in early work by authors such as Owen and co-workers and 
Broutman and Sahu (1969) which demonstrated the importance of progressive 
damage development which could degrade the laminate properties long before 
f racture.
In metals, the initiation and propagation of a single dominant crack is 
important and linear elastic fracture mechanics can be used to describe the 
local state of stress at the crack tip due to remote loading and to predict 
the propagation rate and the number of cycles to failure. In contrast to 
metallic materials, the fatigue process in composites is very complex and 
involves the damage modes outlined above which may interact with each other, 
leading to a change in mechanical properties of the laminate such as 
stiffness and strength and eventually to fracture, Hence, a different 
approach to fatigue has to be considered which takes into consideration the 
various damage mechanisms,
In the following sections, the general fatigue behaviour of 
unidirectional and multi-directional laminates is outlined.
2,3.1 Introduction
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2. 3. 2 Fatigue of unidirectional laminates
S-logN curves
Fatigue data are often presented in the form of an S-logN curve, 
indicating the cyclic stress or strain level on a linear scale as a function 
of the number of cycles to failure on a log scale It is important to ensure 
that the static data plotted at 1/4 or 1/2 cycle is obtained at a comparable 
strain rate. Jones et al (1984) found that the static failure stress of CFRP 
and Kevlar/epoxy cross-ply laminates was independent over four orders of 
magnitude variation in loading rate, The GFRP cross-ply laminate showed a 
strong dependence on loading rate, the strength increasing with increasing 
rate of stress application. A comparison of static strength and fatigue 
strengths should, therefore, only be made when the static strength is 
determined at a loading rate comparable to that used in cyclic tests.
Scatter in the data is high and tests at the same stress level may show a 
range of lives extending over an order of magnitude. Methods are available 
to generate S-N curves with some statistical value without generating a large 
experimental data base. For example, Whitney (1981) fitted the fatigue life 
data at each stress level using a 2-parameter Weibull distribution, 
determined a common shape parameter, and then fitted the estimated 
characteristic life to a power law S-logN relationship, i.e. S = a . ( a , b  
are material constants),
The zero-tension fatigue strength of unidirectional CFRP has been
investigated extensively by many workers (Owen 1974, Salkind 1972,
Dharan 1975, Sturgeon 1975), The good fatigue resistance of carbon fibres is
reflected in the almost horizontal S-N curves shown by their composites, with
a characteristically high variability in test results. The longitudinal 
tension-tension fatigue behaviour of unidirectional composites is very good 
since the fibre properties dominate the behaviour. Good fatigue resistance 
is characteristic of CFRP composites with a high proportion of unidirectional 
fibres loaded parallel to the fibre direction (Dharan 1975, Awerbuch and Hahn 
1977, Sturgeon 1975, Curtis and Moore 1982), Mandell (1982) points out, when 
comparing fatigue of different unidirectional composites taken from 
references (Hahn 1979, Owen 1974, Mandell et al 1980, Dharan 1975), that
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fatigue performance is ranked in the order of modulus and strain to failure, 
'with stiffer materials being cycled at lower strains and having greater 
fatigue resistance. The high fibre modulus limits the composite strain, and 
so prevents large elastic and visco-elastic deformations in the matrix which 
lead to the initiation of damage.
In CFRP, fatigue failures tend to occur only within a narrow band of 
stresses close to the monotonic strength and as indicated above, values of 
number of cycles to failure can vary over several decades of cycles inside 
this band, In unidirectional CFRP, the cyclic load is carried mainly by the 
fibres and there is little permanent damage until fibre fracture is 
initiated. Fatigue damage may accumulate as a result of stress 
redistribution from broken fibres, but this is only significant at stresses 
close to the static ultimate strength (Kira and Ebert 1978, Dharan 1975).
The lower modulus of glass fibres permits composite strains large enough 
to cause matrix damage and hence precipitate fatigue failure. The S-logN 
curve consequently falls more steeply than for CFRP.
Strain representation of fatigue data
As an alternative to stress, the maximum cyclic strain may also be 
plotted as a function of cycles, This representation allows comparison 
between composites with different fibre volume fraction and shows the 
superior fatigue behaviour of high modulus CFRP composites when compared with 
GFRP composites, which are used at higher strains for a given load than 
stiffer CFRP.
The majority of the applied load is carried by the fibres themselves and 
being brittle materials, they are not very sensitive to fatigue degradation. 
Experimental work shows that the slope of the strain-cycles curve is 
determined principally by the matrix strain level.
One of the first workers to comment on this was Dharan (1975a, b). Based 
on data from unidirectional CFRP laminate (tested in cyclic bending) and from 
a GFRP laminate tested in cyclic tension, Dharan proposed a fatigue life 
criterion for long-life survival of unidirectional composites loaded parallel 
to the fibre direction which assumes that fatigue failures result from
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high-cycle failures in the matrix, based on the assumption that the cyclic 
strain must exceed a critical value dependent on the fatigue behaviour of the 
matrix, He puts this criterion in context by indicating the threshold 
stresses for fibre failure and matrix microcracking under static tension on 
the SN curve for unidirectional GFRP. At short lifetimes, a high density of 
fibre fractures occur at random throughout the volume of the material on the 
first cycle and failure occurs when these fractures propagate and coalesce, 
connecting such regions and leading to separation of the coupon.
The significant point is that long fatigue life was obtained when the 
cyclic strain applied to the composite was less than-or equal to the matrix 
endurance strain (taken here as the fatigue strain at 106 cycles), which was 
the case for the GFRP composites. In the CFRP case, however, the stiff 
fibres kept the strain level low, i.e. well below the matrix endurance 
strain, so that the matrix could not then fail during fatigue.
Talreja (1981) proposed models to predict the tensile fatigue behaviour 
of unidirectional composites, based on evaluating the mechanisms of fibre, 
matrix and interface damage and the contribution of each to the overall 
fatigue response, Talreja formulates fatigue life diagrams for different 
composite materials which show regions of dominance of the individual damage 
mechanisms. The axes of the diagram represent the variables upon which the 
damage growth rates depend, i.e. number of cycles, and applied strain.
Strain is used since the strain in a composite under an applied load is 
uniform in both the fibre and matrix, whereas the stress is generally not the 
same.
The upper fibre-breakage band represents non-progressive damage which 
occurs in a random and dispersed manner, without forming a distinct damage 
zone which grows self-similarly up to failure. Progressive damage represents 
strength degradation which is common in glass fibres and which Talreja notes 
is also seen for graphite fibre composites. The lower band is a fatigue 
limit which is a matrix property, about 0.6% strain for epoxy, taken from 
Dharan*s data (1975) for microcrack initiation. If the fatigue limit of the 
matrix is greater than the composite failure strain, no progressive damage is
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possible and fatigue failures fall within the static scatter band, which is 
similar to the approach of Dharan,
The polymer matrix, which is subjected to strain-controlled fatigue due 
to constraint provided by the fibres, undergoes a two-stage fatigue process 
of crack initiation at flaws and propagation of the cracks up to the 
fibre/matrix interface. A dispersed matrix failure mode is characteristic of 
applied stresses too low to fail fibres, where cracks occur throughout the 
matrix and increase in number with cycles. The localized failure mode occurs 
as the crack increases in length and the resulting increase in crack tip 
stress is high enough to cause failure at the interface, A flat planar 
fracture surface results when the interfacial strength is high, a broom-like 
fracture surface results when the interfacial strength is low (Curtis and 
Moore 1982).
Fatigue endurance limit
The question of whether there exists a fatigue limit in composite 
laminates is addressed through applying Talreja's concept of fatigue life 
diagrams based on the cyclic strain rather than stress. From this, it 
emerges that fatigue failures only occur at cyclic levels above the static 
matrix cracking strain, an idea based on observations by Dharan (1975a, b).
On the basis of Talreja*s fatigue life representation, the fatigue limit for 
unidirectional composites which fail by a 'wear-out* process was suggested by 
Ogin (1988) to be the threshold cyclic stress for propagation of fibre/matrix 
debonds.
Fatigue failure in unidirectional laminates
As mentioned above, the development of fatigue damage in unidirectional 
composites involves fibre and matrix damage, The process of static-type 
fibre failures occurring promotes matrix damage which in turn occurs as a 
fatigue process and helps to promote further fibre failures, for example, as 
modelled by Ogin (1988),
The fibres have a statistical distribution of strengths which is 
determined by the size of flaws so that some of the weakest fibres fail in 
the first cycle since the cyclic stress falls within their strength
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distribution (e.g. Jamison et al 1983), Locally enhanced stresses in the 
matrix and at the interface lead to cycle-dependent damage in the matrix and
interface. These processes include fatigue-induced matrix cracks between
fibres, normal to the applied load. This type of damage can further promote 
fibre damage by local overloading of fibres, Jamison (1985) compared the 
density of fibre failures under static and fatigue loading in a CFRP 
laminate. This work suggested that larger groups of closely spaced broken 
fibres may be stable under fatigue loading as compared to static loading,
Curtis and Moore (1982) describe typical unidirectional laminate fatigue 
failures as brush-like since close to failure, extensive splitting parallel 
to the fibres can develop due to matrix and interface damage, The 
characteristic brush-like failure of unidirectional laminates may be
attributed to matrix cracking and interfacial damage which occurs parallel to
the fibres.
2.3.3 Fatigue of raulti-directional laminates
To cause failure in a multi-ply laminate under fatigue loading it is 
obviously necessary to fail the 0° plies. However, this is usually preceded 
by a substantial amount of matrix cracking and, depending on the lay-up, 
delamination, the extent of which depends on the applied stress level, Some 
of the main features of the fatigue behaviour of multi-directional laminates 
is outlined in the following sections.
S-logN curves
Both CFRP and GFRP multi-ply laminates are susceptible to the progressive 
accumulation of fatigue damage at rates which are reflected in the steepness 
of the S-logN curves. In the generalized S-N curves shown by Curtis (1987), 
the slope of the curve decreases with increasing 0" ply content. Reifsnider 
et al (1983) follow the same lines as Curtis and state that the steepness of 
the slope of the SN curve, normalised with respect to the static strength of 
the laminate, depends on the proportion and distribution of sub-critical 
elements in the laminate, A high percentage of sub-critical elements will 
lead to high degradation of stiffness and strength although if these plies 
are dispersed rather than grouped together, degradation may be retarded.
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Most experimental data on CFRP and GFRP laminates is presented in this SN 
curve format in which the failure criterion is taken as fracture of the 
test-piece. However, in recognition of the inadequacy of fracture as a 
fatigue failure criterion, some authors include additional damage curves 
within the SN diagram representing the onset of damage modes such as off-axis 
ply cracking and edge delamination. This representation shows that fatigue 
damage can occur, by some cycle-dependent process, at very small proportions 
of the static tensile strength. Similar observations of debonding as the 
initial form of fatigue damage were made by Broutman and Sahu (1969) in a 
cross-ply glass/epoxy laminate.
More qualitatively, S-logN curves have been defined in terms of the 
number of cycles to the onset of a particular type of damage, for example, 
fibre/matrix debonding (Dharan 1975afor unidirectional CFRP, Owen 1974 for 
CSM, fabric and cross-ply laminates, Broutman and Sahu 1969), density of 
off-axis ply cracks (Reifsnider and Talug 1980), growth of delaminated area 
or number of 0’ fibre fractures (Jamison 1985).
Talreja's fatigue-life diagram for cross-ply laminates (1981) consists of 
a horizontal fibre failure band and a sloping scatter band corresponding to 
progressive matrix damage. A lower band represents the fatigue limit and is 
taken to be the proportional limit of the static stress-strain curve. This 
is taken as the 'knee' at the proportional limit of the stress-strain curve 
used by Talreja, which can correspond to the onset of matrix cracking.
Talreja's approach to cross-ply composites allows for unidirectional 
fibre-dominated bahaviour for data which fall in the upper band. The sloping 
band in Talreja's representation of cross-ply laminates is due both to the 
fibre degradation shown in the diagram for the unidirectional composite as 
well as degradation due to transverse ply matrix damage.
Progressive damage in off-axis plies and load redistribution
The general sequence of cracking events in multi-ply laminates under 
fatigue loading is the same as under static loading, i.e. 90° ply cracks 
occur first, followed by cracks in the other plies, some laminates also 
delaminate at the free edges (notably the quasi-isotropic lmainates). 
Reifsnider and co-workers have contributed many experimental studies of
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damage development in cross-ply and quasi-isotropic laminates (e.g. Masters 
and Reifsnider 1982, Reifsnider and Jamison 1982),
Owen (1974) found that damage initiation was due to fibre/matrix 
debonding, When the fatigue stress is high enough, crack initiation may 
occur on the first loading cycle and then cracks accumulate with increasing 
number of cycles, Debonding within the transverse ply was also the initial 
damage mode observed by Broutman and Sahu (1969) in a detailed study of 
tensile fatigue damage in a 0,90 cross-ply GFRP laminate. Cracks developed 
from debonds during the first cycle if the peak stress exceeded a value 
corresponding to the knee in the stress-strain curve, Cracks did develop at 
peak stresses well below this value, although only after an incubation period 
of several thousand cycles. Damage subsequently propagated along adjacent 
ply interfaces and into the longitudinal ply. Cracks in the longitudinal ply 
occurred on the first cycle when the stress was greater than 75% of the 
static strength, and required an incubation period similar to transverse 
cracking at lower stresses. Delamination occurred late in the fatigue life.
Observations of transverse ply and ±45 ply matrix cracking have been used 
by very many authors as both a qualitative and quantitative measure of damage 
accumulation rate. A problem with many of these studies, especially in 
opaque CFRP (and GFRP) systems, is that the crack count is made only at the 
edge of the specimen. Many authors present plots of crack density with 
cycles and show X-radiographs for fatigue at different stress levels (e.g. 
Charewicz and Daniel 1986). The characteristic damage state is not always 
reached' if the cyclic stress is too low (Charewicz and Daniel 1986), as under 
static loading,
As indicated earlier, fatigue failure can only occur when the 0* plies 
fail. The presence of transverse ply cracks is expected to accelerate damage 
in the laminate by promoting fibre failures in adjacent load-bearing plies, 
e.g. 0* plies, This view is supported by Reifsnider and co-workers who have 
estimated the stress enhancement using finite element analysis (Highsmith and 
Reifsnider 1986). On the other hand, Jones and co-workers (1984) found no 
deleterious effect of transverse ply damage and concluded that the behaviour 
of the unidirectional plies controlled fatigue response.
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Highsmith and Reifsnider <1986) have also analysed stresses at the 
intersection of matrix cracks in adjacent plies of different orientation.
They have shown that there is a highly localised region of increased 
interlaminar normal and shear stress around the point of intersection which, 
they argue, could be an initiation point for failure of the laminate. Fibre 
failure may result from the locally enhanced stress at the intersection of a 
matrix crack and an adjacent 0° ply (Schulte 1983, Jamison 1986). A local 
delamination here would, of course, reduce the stress concentration.
Effect of fatigue on laminate residual strength
The concept of wear-out was introduced originally by Halpin et al (1973) 
who suggested that fatigue failure occurs when the residual strength falls to 
the level of the applied cyclic stress. Subsequently, two models have been 
proposed for the residual strength of fatigue loaded composites, i.e. 
wear-out and sudden-death models. The wear-out model assumes that the 
strength of the composite falls gradually with cycles until failure occurs 
when the residual strength is equal to the applied fatigue stress. The 
sudden-death model proposes that fatigue loading does not lead to a 
progressive decrease in residual strength but instead affects some other 
material property such as the matrix properties. Such a change may not 
reduce the residual strength significantly until very close to failure,
Adam et al (1986) measured residual strengths of CFRP, GFRP and 
Kevlar/epoxy cross-ply laminates after cycling. The shape of the residual 
strength-cycles curves for samples cycled at different maximum stresses 
indicates an early reduction in strength with an increasing rate of reduction 
close to the intersection with the S-logN curve. The sudden-death mode of 
failure applied to CFRP laminates. It was exhibited also by boiled GFRP 
laminates, which the authors attributed to environmental effect on the 
composite delaying weakening of the sample until later in the fatigue life. 
Boiling plasticizes the resin and weakens the interfacial bond, so that 
stress transfer from broken fibres and the local stress concentration due to 
that fibre break is decreased. They argue that this delays the achievement 
of a critical level of damage. The sudden-death behaviour exhibited by their 
CFRP laminates is typical of such laminates but they point out how this 
failure mode is incompatible with a gradual accumulation of damage unless one
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considers the size of the critical nucleus of fibre damage required for 
failure to be different for CFRP and GFRP, The authors suggest that the 
critical size is small for CFRP,
Ogin (1988) proposes a model for fatigue life and residual strength of 
unidirectional and cross-ply composites which fail in fatigue by a wear-out 
process. The statistical distribution of flaws along the fibre length and 
the fatigue growth of fibre/matrix debonds determine the rate of damage 
accumulation. Fatigue failure occurs when the fall in residual strength is 
equal to the applied cyclic stress. Reasonable agreement was obtained 
between predicted residual strength and lifetime using published experimental 
data. However, direct evidence of debond growth in composite laminates is 
not available.
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CONCLUSIONS
A considerable amount of work has been carried out in an effort to 
understand the fatigue behaviour of composite materials. Although the basic 
damage mechanisms have been characterised in a wide variety of laminates, 
further experimental and analytical work is required to develop the 
understanding of how these damage events combine to cause final failure and 
to present an overall framework in which to describe fatigue behaviour.
Transverse ply cracking is generally the first form of damage which 
occurs in a multi-ply composite laminate under both static and fatigue 
loading. Although matrix cracking has been studied extensively, there is a 
lack of experimental data for the fatigue growth of individual transverse 
cracks and a lack of a well developed model to analyse fatigue growth of 
these cracks.
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CHAPTER 3 EXPERIMENTAL TECHNIQUES
3. 1 LAMINATE FABRICATION
3. 1, 1 CFRP laminates
The CFRP laminates were layed up from Fibredux 914C-XAS-34 unidirectional 
prepreg sheet (cured thickness 0, 125mm) containing Courtaulds XA-S surface 
treated carbon fibres and Ciba-Geigy 914 epoxy resin. The following types of 
laminate configurations were used:
12-ply unidirectional laminate 
cross-ply laminates (0*/90n)s where n=l,2,4 
±45 laminate
laminates containing 0°, 90° and ±45 plies 
The fibre volume fraction was approximately 60%. The laminates were 
fabricated at RAE, Farnborough in an autoclave using the manufacturer's 
recommended curing schedule of one hour at 175*C, producing panels 300ramxlm.
3, 1. 2 GFRP laminates
Unidirectional and (0/90s)s glass/epoxy laminates were fabricated using 
the following simple filament winding technique. The epoxy matrix was Shell 
'Epikote' 828 resin (100 parts by weight) cured with nadic methyl anhydride 
('Epikure' NMA, 80 parts by weight) and accelerator benzyldlmethylamine 
(BDMA, 1,5 parts by weight). The glass fibre was 600-tex *Silenka* E-glass 
roving finished with an epoxy-compatible size and silane coupling agent. The 
laminates were optically transparent since the refractive index of the fibre 
and the matrix are closely matched. The laminate types and their ply 
thicknesses are shown in Table 3. 1.
Glass rovings were wound through a simple tensioning device onto a 300 mm 
square steel frame revolving at a constant speed. The speed of traverse of 
the roving relative to the frame was variable to allow a variable density of 
fibre tows in each unidirectional winding, The total thickness of fibre was
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increased by repeated traverses of the frame. A 0/90/0 fibre configuration 
was achieved by rotating the frame 90° relative to the first winding and 
repeating the process.
In preparation, one large steel plate was placed in a freezer and one 
plate in the oven at 100-120°C for two hours before beginning fabrication.
The epoxy resin, NMA and BDMA were first mixed thoroughly and degassed in a 
vacuum oven at 40°C for 15-20 minutes to remove entrapped air. The degassed 
resin was then poured onto silicone-coated ' Melinex' release film on the cold 
plate, forming a layer of viscous chilled resin. The wound frame was placed 
inside a large vacuum chamber on the hot plate covered with release film and 
the chilled resin was applied to the fibre windings. The chamber was then 
evacuated and wetting of the fibres occurred as the resin warmed up and was 
drawn through the rovings under vacuum. When the resin had fully impregnated 
the fibres (after approximately 20 minutes), the frame was removed from the 
chamber and excess resin and air bubbles were expelled from the laminate 
before placing in an air-circulating oven between thick glass plates. The 
laminate was cured for 3 hours at 100°C under 64 kg weight <-700MPa), 
followed by post-curing for 3% hours at 150°C.
3.1.3 Laminate quality and fibre volume fraction measurement
The quality of CFRP laminates was examined using ultrasonic C-scan (at 
RAE) and GFRP laminates were examined visually. The thickness of plies in 
the CFRP laminates corresponded to the cured thickness of the prepreg sheet, 
i. e. 0. 125mm. The thickness of individual plies in GFRP laminates varied 
depending on fabrication conditions and was measured for each laminate by 
optical microscopy. This also allowed areas of non-uniform fibre 
distribution to be identified and avoided when selecting coupons for testing.
The fibre volume fraction of both CFRP and GFRP laminates was determined 
using a matrix burn-off technique, A sample weighing approximately 4-5g was 
cut from the laminate and weighed accurately. The sample was placed in a 
furnace at 450°C in a crucible of known weight with a lid to prevent the loss 
of fibres from the crucible during heating. The minimum time required for 
burning off the matrix was about one hour but this varied with the thickness 
of the laminate and was determined by experience. After heating, the
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crucible with the residual fibres was re-weighed and the fibre volume
fraction of the sample was calculated as follows:
before heating mass of crucible + sample = a
mass of crucible = b
after heating mass of crucible + fibres = c
mass of fibres = c-b
mass of matrix = a-c
and Vf ~ (c-b)/pr
[ (a-c)/pm3 +[ Cc-b)/pf]
where pt is the fibre density and p* is the matrix density.
Values for fibre and matrix densities were taken from manufacturers'
information or from the literature:
epoxy resins 1. 30 g/cm3
type II carbon fibre 1,75 g/cm3
E-glass fibre 2.56 g/cm3
3. 2 PREPARATION OF TEST COUPONS
Plain rectangular test coupons 230mm in length and 20mm wide were cut 
from the laminates using a water-lubricated diamond saw with a nominal 
600-grade grit finish. GFRP coupons were cut out before post-curing. The 
edges of some coupons were polished prior to testing.
Aluminium alloy end tabs approximately 50mm long and 1. 5mm thick were 
bonded to the coupon to avoid damage to the surface plies in the machine 
grips during loading. Adhesion was promoted by lightly abrading the surface 
of the coupon and etching the end tabs in a solution of sodium dichromate and 
sulphuric acid. The tabs were bonded using a thin layer of epoxy adhesive 
and the coupon was placed in a weighted jig whilst the adhesive cured. The 
epoxy adhesive was adequate for most static loading tests and for GFRP 
coupons whilst a toughened acrylic adhesive with good shear strength, 
Permabond® F241 with Initiator Number 1, was used for some CFRP fatigue 
samples tested at high loads.
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Longitudinal strain was measured in some coupons during fatigue tests 
using an extensometer. Grooved seats were prepared on these coupons to 
prevent the knife-edges from slipping on the surface, These was done by 
resting the knife-edges on a release film in strips of uncured epoxy adhesive 
which hardened to form the seats,
3.3 TESTING METHODS
3.3. 1 Strain measurement '
Laminate strain was measured using either an electrical resistance strain 
gauge or an extensometer, A single lOmm-length wire strain gauge (PL-10 
gauge, length 10mm, width 3ram, polyester backing, Cu-Ni wire, Techni Measure 
Ltd. ) was generally oriented along each of the laminate axes of interest. 
Two-gauge rosettes were sometimes used, for example where the strains in both 
the longitudinal and transverse directions (relative to the loading axis) 
were required for calculation of the Poissons ratio; foil gauges (FCA-6 and 
FRA-6 gauges, length 6mm, width 2.4mm, epoxy backing, Cu-Ni foil, Techni 
Measure Ltd. ) have superior fatigue lives compared to wire gauges and were 
therefore used for some cyclic tests,
Strain gauges were bonded to the surface of the coupon with slow-setting 
Araldite® epoxy adhesive, which was allowed to cure at room temperature for 
at least 24 hours before testing. The change in resistance of the gauge 
element with increasing tensile load was processed either by the strain data 
unit integral to the Instron testing machine, or by a 'Vishay’ portable 
strain indicator. The corresponding analogue voltage was then input to the 
X-axis of an X-Y chart recorder, where the Y-input was the signal from the 
Instron load cell. The connection between the strain gauge and the bridge 
completion circuit or Vishay indicator was made by leads soldered onto copper 
tabs bonded on an electrically insulating backing to the surface of the 
coupon. These tabs relieved the weight of the leads and prevented damage to 
the fine wires attached to the strain gauge.
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An 25mm gauge-length Instron dynamic extensometer (type 2620-602) was 
used for monitoring strain during the course of fatigue tests, avoiding the 
problem of the relatively short fatigue life of even foil strain gauges at 
typical test levels. The strain signal was processed by the ’Vishay' 
indicator. The increase in axial strain with number of fatigue cycles which
occurs at a constant cyclic stress level could be monitored throughout the
test. The change in stiffness could also be followed by stopping the test at 
intervals to load the coupon monotonically up to the maximum cyclic load and 
finding the corresponding value of strain. A 10mm long Instron static 
extensometer was also used for some monotonic tests. The knife-edges were 
placed on the edge of the coupon and the extensometer was secured by rubber 
bands. Slipping was not a problem at the relatively low strain rate and no 
adverse effect of notching from the knife-edges was observed. The strain 
signal was processed by the integral Instron unit and output onto a 
load/strain trace via a chart recorder.
3. 3. 2 Static tests
Monotonic tensile tests were performed on Instron lOOkN-capacity 
screw-driven machines (types 1175 and 1195) using wedge-action grips to hold 
the tabbed ends of the coupon. Load, longitudinal strain and either acoustic 
emission or transverse strain were input to the chart recorder on the X, Y, 
and Y2 axes respectively. The resulting graph was subsequently analysed to 
yield data for stress, Poissons ratio and laminate elastic properties.
3.3.3 Fatigue tests
CFRP laminates were tested in a Dartec lOOkN servo hydraulic fatigue 
machine under load control with a sinusoidal waveform. The frequency was 
10Hz for all laminates except the relatively compliant ±45 laminate which was 
tested at 8Hz. The R-value was 0. 01 so that the load cycled between a 
minimum just above zero and the tensile maximum load. The cyclic test level 
was usually determined on the basis of axial strain. Coupons were first 
loaded to the required axial strain and the corresponding load was taken to 
be the maximum cyclic load. Stress parameters were used when determining the 
S-N curves. The coupon was aligned in the machine grips using a special jig 
to ensure axial loading and then ramp-loaded up to the maximum load before
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beginning the fatigue test to check that the end-tabs were secure. The load 
was then reduced to the mean level and cycling was started. The test was 
either run continuously until the coupon failed (S-N curve data) or stopped 
at intervals to observe the development of damage in the coupon. Edge 
microscopy could be done in situ but the coupon had to be removed for 
examination by X-radiography.
Glass/epoxy laminates were tested using an Instron 1341 50kN servo 
hydraulic fatigue machine. Testing was done under load control with a 
tensile sinusoidal waveform at a frequency of 5Hz and with R=0, 1 and 0.5.
The procedure for setting up the tests was the same as for the CFRP 
laminates.
3.3.4 Square-plate torsion test
The shear modulus, G.*y, of some laminates was determined using a 
square-plate four-point bending test on the Instron 1195 machine on plates 
with a diagonal dimension of 100mm. The plate was supported on diagonally 
opposite corners whilst a compressive load was applied by point loading at 
the other corners to give a maximum deflection of approximately 1mm. The 
slope of the resulting load vs crosshead movement trace was used in the 
expression:
G*y = 3 L2 W 
8 D3 8
L length of diagonal of plate
D thickness of plate
W/5 slope of load vs deflection trace
3. 4 DAMAGE OBSERVATIONS
3, 4. 1 Visual observations and microscopy
Damage development was observed visually in the transparent GFRP coupons 
during static and fatigue loading and photographs were taken with a 35mm 
camera with a macro lens. Matrix cracks appeared as dark lines against a
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light background of undamaged material when using diffuse transmitted 
illumination. Oblique reflected illumination, which reversed this contrast, 
was used to show detailed features of the cracks in photomicrographs.
Several different microscopes were used during this study according to 
the location and scale of the features of interest:
Zeiss Tessovar "macro" photomicroscope up to 3. 2X
Olympus SZ-Tr zoom microscope with 35mm camera up to 80X (40X on photo)
Zeiss photomicroscope . up to 1200X
Cambridge S100 and S250 SEM up to lOkX
The Olympus microscope was mounted horizontally on a fixture in front of
the Dartec and Instron fatigue machines for examining damage at the polished 
free edge of CFRP coupons and in transparent GFRP coupons. Observations were 
made when the specimen was at rest. The Olympus microscope had a maximum 
zoom of 4X and interchangeable 10X and 20X eyepieces. The 35mm camera 
attached to the microscope used a 10X photo-eyepiece. The confined space in 
the grips of the fatigue machine presented a problem in illuminating the edge 
of the coupon which was overcome using a 500W lamp with two swan-neck fibre 
optic light guides.
The range of this photomicroscope was adequate for monitoring the 
position and type of damage along the whole length of the coupon and making a 
photographic record of a short gauge length. However, individual fibres 
could not be resolved. The Zeiss photomicroscope was used for normal light 
microscopy at magnifications of up to 1200X. Photographs were taken with a 
35mm camera.
The Tessovar microscope was used for examining larger areas, covering the 
range intermediate between the 35mm camera with macro lens and the low power 
Olympus microscope, i. e. 0. 8X-3. 2X
The scanning electron microscope was used to examine fracture surfaces 
and polished sections. Specimens were cut out using a miniature diamond saw 
and fixed to small aluminium stubs with glue, The S100 microscope could also 
accommodate sections up to 70mm long, which was useful for looking at large 
sections from fractured coupons. The mounted specimen was sputtered with 
gold and connected to the stub by a line of silver paint to ensure good
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conduction. This eliminated charging in the microscope which would obscure 
the image. Specimens were examined using an accelerating voltage of 25kV at 
magnifications of up to ten thousand times.
3.4.2 X-radiography
X-radiography was used to investigate internal damage in the opaque CFRP 
laminates. Damage was delineated by infiltrating the coupon with a 
radio-opaque penetrant since there was insufficient radiographic contrast 
between the carbon fibres and the epoxy matrix. Exposures were made at a low 
tube voltage (compared to the requirements for metals) on a high contrast, 
fine grained film.
The radio-opaque penetrant used in this work was a solution of zinc 
iodide (60 grammes) in ethanol (10 ml) and water (10 ml) with a surfactant to 
enhance penetration by capillary action (10ml of Cascade® photographic 
wetting agent). The solution was applied to the edges of the coupon at least 
30 minutes before the radiographic exposure was made to ensure complete 
infiltration. This was done whilst holding the coupon under a small tensile 
load (typically less than 500N) which opened up the fine cracks and assisted 
penetration. One edge of the coupon rested in a trough containing the 
penetrant whilst the penetrant was applied to the other edge using a 
cotton-wool swab. After 15 minutes, the coupon was turned to place the other 
edge in the trough. Excess penetrant was removed from the edges and surfaces 
of the coupon before exposure by wiping with a tissue moistened with ethanol.
The radiographic equipment consists of a lOOkV X-ray tube inside a 
lead-shielded steel cabinet. The Balteau-Sonatest SP0100 unit has a focal 
spot of size 0. 2ram x 0.2mm with a beryllium window. The anode current rating 
is 5mA at lOOkV tube voltage. The specimen and film pack was placed on a 
platform inside the cabinet at a focus-to-film distance of 500mm.
The sensitivity of the radiograph depends on several factors: the 
defect-to-film distance, the source-to-film distance, the tube voltage and 
the type of film used. Geometric unsharpness of the image arises because of 
the finite size of the X-ray source. This unsharpness can be minimised by 
using the largest possible distance between the source and the film, and the 
smallest distance between the defect and the film, i.e. specimen in contact
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with film. The tube voltage is kept low to provide maximum image contrast, 
since radiation of low energy is more easily absorbed, giving a greater 
change in intensity for a small change in specimen thickness (or density in 
this case of penetrant enhancement). Maximum contrast and resolution is 
obtained with slow speed, very fine-grained X-ray films. The quality of the 
image can be impaired by scattered radiation either originating from inside 
the specimen or due to scattering after passing through the specimen. This 
effect can be reduced by placing a filter between the object and the film.
The Agfa-Gevaert D2 and DuPont Cronex NDT45 X-ray films were fine-grained, 
high contrast, slow speed films with emulsion coated on both sides of the 
polymer base.
It was not possible to have the specimen in direct contact with the film 
since darkroom conditions were not available where the X-ray equipment was 
located. The film was sealed inside black polythene bags and the coupon was 
placed on top of the bag for exposure. A 2mra-thick lead sheet beneath the 
film acted as a filter for scattered radiation. The coupon, film and filter 
were held together in a fixture which ensured good contact between them.
Exposures were made at a focus-to-film distance of 500mm using a tube 
voltage of 26kV for 5 minutes, with the X-ray beam normal to the plane of the 
specimen. The radiographs were examined by making enlarged prints on high 
contrast photographic paper.
3. 5 CRACK GROWTH MEASUREMENTS
Crack growth rate was measured from photographs of the transparent GFRP 
coupons and from prints of X-radiographs of CFRP coupons taken at intervals 
during fatigue loading. The average rate of growth of individual cracks over 
each interval was obtained by dividing the increase in crack length by the 
number of cycles between photographs. The vertical separation between a 
crack tip and the nearest neighbouring crack, the crack spacing 2s, was also 
measured at each interval. The precision of the measurements of crack 
lengths and spacings was approximately 0. 1mm, since distances on the
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photographs printed at 2-2, 5X magnification were measured to the nearest
0. 25mm.
Table 3.1
Laminate configurations, ply thickness and fibre volume fraction (Vflbre) for 
GFRP laminates.
LAMINATE THICKNESS (mm) Vf ibro 
(%>TOTAL ±0° PLY b 90° PLY 2d
unidirectional laminates
UD1 (0°) 1. 0 - - 62. 9 (±5. 3)
UD2 (90°) 1. 0 - - 61. 6 (±7. 4)
UD3 (0°) 1. 66 - - 67. 6 (±1. 3)
UD4 (90°) 1. 70 - - 66. 5 (±2, 3)
(0/90)8 laminates
CPI 1. 5 0. 33 0. 78 56. 1 (±0. 78)
CP2 1. 12 0. 3 0. 52 63. 5 (±1. 3)
CP3 1. 1 0. 34 0. 4 54. 9 (±2. 4)
laminate quality:
CPI surface layer is rich in resin, low
CP3 very high fibre content in the 0° ply, no resin-rich layer at the 0/90
interface, some segregation between tows in the 90° ply
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CHAPTER 4 STATIC LOADING OF CFRP AND GFRP LAMINATES
4.1 INTRODUCTION
In this chapter, the mechanical properties of the CFRP and GFRP laminates 
are presented and the development of damage under static tensile loading is 
described. The establishment of thresholds for damage modes such as 
transverse ply cracking and delaralnation under static loading forms a basis 
for the study of fatigue damage.development in these laminates which is 
presented in the following chapters. Experimental results on strain to onset 
of first cracking and formation of angled cracks is discussed.
4.2 CFRP LAMINATES
4. 2. 1 Damage development in unidirectional and ±45 laminates
The mechanical properties of the CFRP laminates are summarised in Table 
4.1 and stress-strain curves for the unidirectional and ±45 laminates are 
shown in Figure 4. 1. Unidirectional 0* coupons failed by fracture of the 
fibres accompanied by extensive cracking parallel to the fibres. The secant 
modulus increased with strain by approximately 10% between 0.25% strain and 
failure of the laminate at approximately 1.1%. Unidirectional 90* coupons 
failed straight across the width of the coupon, parallel to the fibre 
direction,
The stress-strain response of the ±45 laminate was markedly non-linear 
and the elastic properties were measured from the approximately linear part 
of the curve, i.e. below about 0.5% strain (Figure 4. lb). Since the strain 
gauge generally failed or debonded as damage occurred in the surface ply at
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strains above about 2%, the laminate failure strain was estimated from the 
displacement of the testing machine cross-head as approximately 6-7%.
Examination of fracture surfaces from failed coupons in the scanning 
electron microscope (Figure 4.2) showed that fibres were generally sheathed 
by resin left adhering to the surface, indicating that the fibre/matrix bond 
was good. The thermoplastic phase in the toughened 914 epoxy matrix can be 
seen as evenly distributed spheres of approximately 1 pm in diameter.
4.2.2 Damage development in 0,90,0 laminates
(04/90n/04) and [ <0/902/0)23s laminates
The first significant form of damage in cross-ply laminates was cracking 
in the transverse ply which occurred at a threshold strain characteristic of 
the transverse ply thickness and the laminate stacking sequence. The 
cracking strain increased with decreasing ply thickness. Table 4. 2 gives 
transverse ply cracking strains and includes the estimated residual thermal 
strains in the transverse ply, which are significant in CFRP laminates. The 
total transverse ply strain at the onset of cracking is the sum of the 
applied mechanical and residual thermal strains.
Figure 4. 3 shows radiographs of damage development in a (0A/902).3 coupon 
with increasing strain. As the applied strain exceeded the cracking 
threshold, further cracks developed, up to a maximum density before failure. 
Final failure of the laminates was by fracture of the 0° plies with a 
characteristic brushy appearance. The C (0/902/0)2] s laminate failed in a 
more localised manner with only a small volume of material sustaining 
delamination and splitting.
(0/903)s and (0/902)s laminates
The stress-strain curve for the (0/903)Q laminate is shown in Figure 4. lc and 
the mechanical properties are given in Table 4. 1. Figure 4. 4 shows 
X-radiographs of a coupon at intervals between the onset of transverse 
cracking (at 0.4% strain) and failure. Above 0.7% strain, extensive 
transverse cracking beneath the strain gauge causes discontinuities in the
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stress-strain curve. Longitudinal ply splitting is evident at failure of the 
coupon at 1.05% strain.
The crack density measured from the radiographs is plotted against 
applied strain in Figure 4.5(a), where the final crack spacing at failure was
1. 15mm, i, e. approximately 1. 5 times the transverse ply thickness. The 
low-strain modulus measured after each load increment was found to decrease 
as damage accumulated in the 90° ply (Figure 4.5b). Since the laminate 
strain was measured over a very small length (10 mm strain gauge) compared to 
the total length of the coupon, it was not possible to relate the fall in 
stiffness to the overall increase in crack density.
Damage development in the (0/902)s laminate was qualitatively similar to 
the (0/903)8 laminate although the transverse cracking strain and the 
saturation crack density were higher than the (0/903)s laminate (for example, 
compare Figure 4. 4 with radiographs of a (0/902)s coupon at stages during 
static loading shown in Figure 4.6a), Microscopy on polished sections from 
the failed coupons of the (0/903)8 and (0/902>s laminates (Figure 4.6b) 
showed that cracks ran straight across the thickness of the 90° ply, with 
very little delamination at the 0/90 interface.
4.2.3 Damage development in 0, 90,±45 laminates
The elastic properties of the laminates containing 0, 90 and ±45 plies are 
given in Table 4. 1. Although the properties of the (02/902/±45)s and 
(±45/902/02)s laminates are very similar, the sequence of damage development 
depended on the laminate configuration. Transverse ply cracks developed in 
the (02/902/±45)s laminate above 0.8% strain and at approximately 1.0% 
strain, small delamination cracks were initiated at the 90/45 interface where 
transverse cracks intersected the +45° ply. Cracks propagated into the +45° 
ply between 1.0 and 1.05% strain (Figure 4.7a) and subsequently initiated 
extensive delamination at the +45/-45 interface although delamination at the 
0/90 interface was limited.
The lower values of mechanical properties for the C(0/90/±45)23s laminate 
reflect the lower proportion of 0° plies. The sequence of damage development 
was similar to the (02/902/±45)s laminate although the extent of each type of
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damage was generally smaller, indicating a more damage-tolerant laminate 
configuration as a result of dispersing thin 0* and 90° plies.
In the (±45/902/02>s laminate, transverse cracks accumulated above 0. 77% 
strain and subsequently initiated cracks in the adjacent -45* ply 
(Figure 4.8a). Cracks developed parallel to the fibres in the surface +45° 
ply, with delamination at the +45/-45 interface at approximately 0.9% strain. 
At high strains, in-plane cracking occurred within the 90" ply and 
significant 0/90 and 90/45 interface delamination developed just prior to 
failure at approximately 1. 1% strain. The laminate separated along a path 
which alternated between these interfaces, resulting in a characteristic 
failure pattern of blocks of the 90° ply bonded to either the 0" ply or the 
±45" ply (Figure 4.8b).
Fracture in the longitudinal plies of the 0, 90, ±45 laminates was 
localised and constrained by the orientation of the adjacent ply 
(Figures 4.7b and 4.8c) with very little splitting compared to fracture in 
the (04/90n/04) laminates.
4.2.4 Summary for CFRP laminates
The strain to failure for all of the laminates except the 
[(+45/-452/+45>2]s laminate was approximately 1-1 .  1% strain which 
corresponds to the failure strain of the carbon fibres (Curtis 1984), An 
increase in secant modulus with strain was observed in laminates in which the 
configuration was dominated by longitudinal fibres (0‘ unidirectional, 
cross-ply laminates) whereas secant modulus decreased with strain in 
laminates in which matrix properties dominated (those containing thick 
transverse plies, the ±45 laminate). In contrast to fibre-dominated 
configurations, the ultimate failure strain for the matrix-dominated ±45 
laminate was greater than 6% although it was significantly damaged at a 
strain of approximately 0.8%.
The pattern of damage development in cross-ply laminates was as observed 
by many other authors. Transverse ply cracking developed to an extent which 
depended on the 90" ply thickness and the laminate stacking sequence. In 
laminates with thicker 90* plies, both the threshold strain for the onset of 
cracking and the maximum crack density decreased. The relationship between
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final crack spacing and transverse ply thickness (Figure 4.9) is linear with 
a slope of approximately 1. 4.
Longitudinal ply cracking occurred at strains close to failure of the 0° 
plies. Delamination between plies of different orientations occurred at the 
free edges at high stresses in the 0, 90, ±45 laminates but did not develop to 
a significant extent in the 0,90 laminates.
4.3 GFRP LAMINATES
Unidirectional and cross-ply glass fibre/epoxy laminates of the 
configurations given in Table 3. 1 were tested to determine elastic properties 
and damage thresholds. The development of damage in this transparent system 
was monitored during loading by photography and by microscopy after loading.
4.3. 1 Damage development in unidirectional laminates
The mechanical properties of unidirectional GFRP laminates tested 
parallel and transverse to the fibre direction are given in Table 4. 1. The 
stress-strain curves for the 0° unidirectional laminate were linear up to 
failure at approximately 2.4% strain. Coupons fractured with extensive 
splitting parallel to the fibre direction. The stress-strain response of the 
90° unidirectional laminate was linear up to 0.3% strain after which 
significant non-linearity occurred. The laminate failed in a localised 
manner across the width of the coupon.
4.3,2 Damage development in 0,90,0 laminates
The stress-strain curves of the cross-ply laminates were generally linear 
up to the onset of transverse ply cracking. A whitening effect, which has 
been reported by Nensi (1988), occurred prior to cracking. This is 
associated with debonding between the 90° fibres and the matrix and matrix 
cracking in the transverse plies. This 'stress whitening' appeared in bands 
which increased in number and intensity with increasing load. The transverse 
ply cracking threshold (Table 4.2) was approximately 0.4% strain for both the
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GFRP laminates. A discernible knee was present in the stress-strain curves 
corresponding to the onset of transverse ply cracking (Figure 4.10).
Figure 4. 11 shows the development of damage in a coupon from the CPI laminate 
(transverse ply thickness 0.78 mm) for which crack density is plotted as a 
function of applied stress in Figure 4. 12. Cracks initiated at the free edge 
of the coupon and propagated across the thickness and width of the transverse 
ply instantaneously. The number of cracks increased with increasing applied 
stress up to failure, when the crack spacing was of the order of the 
transverse ply thickness. As the crack density increased, some cracks 
propagated only part of the way across the width of the ply before overlap 
with another crack arrested growth of both cracks (Figure 4.11 at 1.24% 
strain). The dependence of crack spacing on ply thickness was not as obvious 
here as in the CFRP laminates owing to the small range of transverse ply 
thicknesses in the GFRP laminates (Figure 4.9).
The plane of transverse ply cracks generally ran perpendicular to the 0* 
fibre direction, except in the case of angled edge cracks or where the crack 
branched and twisted at places along its length. Changes in orientation of 
the crack plane and crack tip morphology are probably due to twists in the 
fibre tow introduced from winding during fabrication and to local variations 
in fibre distribution. This is discussed further in Chapter 6.
Although the majority of cracks were initiated at the coupon edge, some 
cracks initiated within the transverse ply away from the edge (Figure 4. 11 at 
1.69% strain). This type of cracking occurred at high strains when the crack 
spacing had decreased to approximately 1 mm, These internal cracks appeared 
to propagate slowly across the width of the ply in a similar way to edge 
cracks.
Observations on the coupon edge revealed that a secondary form of 
transverse cracking occurred at high strains and small crack spacings. 
Secondary cracks initiated at the 0/90 interface close to the primary 
transverse cracks and propagated towards the primary crack at an angle of 
approximately 45° (Figure 4.13). These angled transverse ply cracks did not 
intersect the primary crack and did not grow more than approximately 
5 - 10 mm in from the edge.
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Longitudinal ply cracks initiated at approximately 1, 4% strain 
(Figure 4.11) from the end tabs and increased in number and length with 
increasing stress up to failure. The strain to failure of the laminate of 
approximately 2.2% reflects the failure strain of the glass fibres.
4.3,3 Summary for GFRP laminates
Damage development in the GFRP laminates was qualitatively similar to the 
CFRP laminates. Transverse ply cracks accumulated with increasing applied 
strain above the cracking threshold of approximately 0. 4% strain and reached 
a saturation spacing before failure of the order of the transverse ply 
thickness, Longitudinal ply cracking developed over a larger range of strain 
and to a greater extent than in the CFRP laminates prior to failure.
4.4 DISCUSSION
Table 4. 1 shows that the moduli of the CFRP laminates increased with 
increasing proportion of 0* plies, in agreement with a simple rule of 
mixtures approach to laminate properties, The strain to failure was 
approximately 1. 1% for the CFRP laminates and 2. 1-2.2% for the GFRP laminates 
reflecting the properties of the reinforcing fibres (Hull 1981). The 
increase in secant modulus with increasing strain in the 0" CFRP laminate was 
also observed by Bader et al (1979) for a unidirectional laminate with 
type XI carbon fibres which they suggested may be attributed to reorientation 
of the fibre structure. The strain to failure of the 90* CFRP and GFRP 
coupons was around 0.5% which was lower than that of the unreinforced matrix 
resin due to strain magnification in the resin by the fibres (Kies 1962).
Multiple transverse ply cracking occurred in the CFRP and GFRP cross-ply 
laminates as the applied strain increased above a threshold strain, which was 
characteristic of the ply thickness and laminate configuration. This 
phenomenon has been observed and analysed by many workers in a variety of 
laminates (e.g. Parvizi et al 1978, Bader et al 1979, Bailey et al 1979, 
Highsmith and Reifsnider 1982). Bailey and co-workers studied cracking in a
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similar transparent E-glass/828 epoxy system. The majority of work on the 
opaque CFRP laminates has concentrated on the development of damage at the 
free edge of the coupon without observations on the propagation of cracks 
across the width of the coupon. In analogy with observations in GFRP 
laminates, cracks in CFRP cross-ply coupons are assumed to span the complete 
width of the transverse ply and this is largely confirmed by the radiographs 
of the present laminates. Radiographs showing crack development in the CFRP 
cross-ply laminates (Figure 4. 3, 4. 4, 4.6a) indicate that cracks span the 
complete width of the coupon, as observed in the GFRP laminates.
The dependence of transverse ply cracking strain on ply thickness in 
E-glass/828 epoxy GFRP laminates similar to those used in this work was 
analysed by Parvizi et al (1978). They predicted the strain to first ply 
failure as a function of the ply thickness using an energetics argument based 
on the work to fracture of the constrained transverse ply. They found good 
agreement with experimentally determined cracking strains at ply thicknesses 
smaller than 0.5 mm, but for thicker plies cracking occurred at an 
approximately constant strain equivalent to the failure strain of the 
unconstrained 90° laminate. This was attributed to a transition from a 
thermodynamically controlled cracking process in thin plies to 
mechanism-controlled cracking in thick plies.
The strain to the onset of transverse cracking in the present CFRP 
laminates (Table 4.2) was found to increase with decreasing 90° ply 
thickness. The transverse cracking strain, both including and excluding the 
residual thermal strain In the transverse ply, is plotted against the 90° ply 
thickness in Figure 4.14 for these laminates. The dotted line is drawn at 
the failure strain of the unidirectional 90° laminate (Table 4.2) and the 
solid line represents prediction of the cracking strain using the stress 
intensity factor approach of Ogin and Smith (1985). The prediction of Ogin 
and Smith is based on a stress intensity factor, K, for a transverse ply 
crack which spans the thickness but not the width of the ply. This approach 
is used in the present work to model fatigue growth of transverse ply cracks 
(see Chapter 6). From the expression for the stress intensity factor of the 
transverse crack and the assumption that the fracture toughness, Kc, and 
toughness, GCI are related by
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Kc — J~ (E2GC) (4. 1)
where (E2 is the transverse ply modulus. The expression for the transverse
ply cracking strain, ef, is then given by
sf = f (Gc/E2) J (l/2d) (4.2)
The material properties used are Gc = 450 J/m2 (Poursartip 1985) and 
E2 = 11 GPa (Table 4,1). There is good agreement between the predicted and 
experimentally determined cracking strains when residual thermal strains are 
taken into account.
Figure 4. 15 is a similar plot for the GFRP laminates. For the limited 
range of 90° ply thicknesses in the present laminates, the cracking strain 
appears to be independent of ply thickness and is approximately equivalent to 
that of the unconstrained 90° laminate. This is in agreement with the 
observations of Parvizi et al (1978) for 'thick' transverse ply behaviour.
The prediction of Ogin and Smith is also included in Figure 4, 15, using 
values of Gc = 240 J/m2 (Bailey et al 1979) and E2 = 13 GPa (Table 4.2) and
agreement with experimental cracking strains is fairly close. Residual
thermal strains in the GFRP laminates are small compared to those in the CFRP 
laminates (Table 4. 2) but are included in the data used to plot Figure 4. 15.
Ogin and Smith (1985) model the transition from constrained, thin ply 
crack propagation to unconstrained thick ply behaviour described by Parvizi 
et al (1978) as mechanism-controlled. They consider the propagation of an 
enclosed flaw of width 2ad perpendicular to the fibres and length 21 parallel 
to the fibres in the centre of the transverse ply (Figure 4.16) as a function 
of the ply thickness. In a thick ply, this flaw grows to a size at which it 
will propagate by fast fracture across both the thickness and width of the 
ply at the critical strain, ecrit. The stress intensity factor at the 
boundary of the flaw then exceeds the fracture toughness, Kc, of the 
transverse ply, i. e.
Sent E2 J~(nadc,,lt) > Kc <4.3)
where it is assumed that the length of the crack is much greater than its 
width. In a thin ply, the ply thickness is less than the critical size for
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fast fracture, 2adcri% so that a flaw which spans the ply thickness is 
stable. Fast fracture will only occur when the laminate strain, e, is 
increased to satisfy the condition
eE2V<2d) > Kc (4 .4 )
The transverse ply thickness at which this change in crack propagation 
behaviour occurs is given by 2d = 7iadcrit (where adcrit is determined from 
equation 4.3). For the present CFRP laminates, adcrlt is approximately 
0.4 mm, indicating that the thin/thick transition occurs at transverse ply 
thicknesses greater than about 1. 26 mm. This prediction is consistent with 
the behaviour of the CFRP laminates shown in Figure 4. 14, where the range of 
transverse ply thicknesses lies entirely within the thin ply regime and the 
first ply failure strain is dependent on ply thickness.
For a value of adcrlt = 0. 27 mm in the GFRP laminates, the transition is 
predicted to occur at ply thicknesses greater than about 0. 84 mm. The 
transverse ply thicknesses in the present GFRP laminates (Figure 4.15) are in 
the range 0. 8 mm to 0, 5 ram, which lies between the transition ply thickness 
predicted here and the value of 0. 5 mm observed experimentally by Parvizi et 
al (1978) for a similar glass/epoxy system. This is consistent with the 
thick-ply behaviour shown in Figure 4. 15 where cracking occurs at a constant 
strain of approximately 0. 47%,
The critical flaw si2e for the GFRP laminates was calculated above as 
0. 27 mm which is higher than the value of 0. 15 mm calculated by Ogin and 
Smith (1985). This arises from the lower value of unconstrained cracking 
strain measured in this work as 0.47% strain (Table 4.2) compared to 0.6% 
strain, taken from Parvizi et al (1978), It should be noted that the matrix 
resin used by Parvizi et al to determine both ef and Gc was cured with 0.5% 
BDMA, rather than 1. 5% BDMA used in the present laminates. It has been 
reported by Nensi (1988) that the 828 epoxy system becomes more brittle with 
increasing BDMA content, corresponding to an increasing degree of cure. This 
may account for the higher transverse ply strain to failure and possibly a 
lower Gc than the value of 240 J/m2 used here.
Smith et al (1985) construct a generalised diagram for first ply failure 
in laminates containing transverse plies of different thickness and
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toughness. Data from a variety of laminates fitted a curve of (E2/Gc)
plotted against l/(V2d), where ef includes residual thermal strain. Data 
from the present CFRP and GFRP laminates is presented on a similar plot in 
Figure 4. 17 and agreement with prediction is fairly close.
At low crack densities, crack propagation in the GFRP laminates occurred 
by fast fracture across the complete width of the ply. At higher stresses and 
correspondingly low crack densities, some cracks were arrested by overlap 
with adjacent cracks before spanning the full ply width, indicated in 
Figure 4.11. This type of crack interaction can be explained as due to a 
stress-shielding mechanism which reduces the energy available for crack 
propagation and has been described and modelled by several authors <e, g. Wang 
et al (1984) in terms of the strain energy release rate, Ogin et al <1984) in 
terms of a reduction in local stress intensity factor at the crack tip).
Crack interaction under fatigue loading in both the GFRP and CFRP laminates 
is discussed in Chapter 6,
Angled transverse ply cracks were observed in the GFRP laminates 
(Figure 4,13) but not in the CFRP laminates under static loading. These 
cracks have also been observed by Garrett and Bailey (1977b)in similar 
glass/epoxy cross-ply laminates with a 0* ply thickness of 0.5 mm and large 
transverse ply thickness (2d > 2.5mm). They formed in an 'X' pattern around 
primary transverse cracks at strains well above the transverse ply cracking 
strain, accompanied by limited delamination at the interface.
Angled transverse ply edge cracks have also been reported by Ohira and 
co-workers (1987) in a (Q/901o/0) GFRP laminate (total thickness 2.8mm) under 
static tension. The authors observed a branched 'tip crack* where the 
primary transverse crack intersected the 0/90 interface and angled near and 
far cracks running from the interface towards the primary crack. The angled 
near crack formed close to the primary crack (although no characteristic 
distance was identified), relieving the shear stress at the 0/90 interface 
and shifting the most highly stressed region further along the interface 
where the angled far crack formed. The tip crack and angled cracks were not 
connected by delamination along the interface.
54
Ohira and Shono (1987) explain their observations on the basis of the 
stress distribution in the cracked transverse ply using finite element 
analysis and the strain energy release rate for crack extension at different 
crack separations, corresponding to the early and late stages of transverse 
crack development. For a large crack spacing, they plotted isoclinic lines 
representing the angle between the tensile principal stress in the transverse 
ply and the 0/90 interface, and contour lines of the magnitude of the 
principal stress. The form of contour lines tracing the principal directions 
in the isoclinic plot was very similar to the path of angled cracks, 
suggesting that the deviation of the angled crack towards the primary crack 
could be explained by tensile failure in terms of the principal stress. The 
calculated principal stress decreased along the projected path of the angled 
crack going towards the primary crack, so that angled cracks grow into a 
region of continually decreasing stress. This analysis corresponds to the 
present observation that angled cracks do not grow to intersect the primary 
crack. (The formation of angled transverse ply cracks in CFRP laminates 
under cyclic loading is discussed in Chapters 5 and 6).
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Table 4. 1
Summary of CFRP and GFRP laminate mechanical properties (standard deviation is 
given in brackets).
LAMINATE Eo. 2SXe
(GPa)
Qfail
(MPa)
efail
(%)
v,2
CFRP laminates
(0 ) j 2 151. 4 (4. 8) 1865 (104) 1, 13 (0. 04) 0. 32
<90)12 11. 1 (0. 6) 58. 6 (7. 1) 0. 57 (0. 08) 0. 024
[ (+45/-452/+45)2l s 18, 5 (1. 4) 195. 9 (17) > 6% 0. 785
04/90/04 129. 1 (4. 7) 1540. 1 (48. 6) 1. 21 (0. 03) 0. 176
(04/90)s 115. 7 (7. 3) 1324. 8 (129) 1. 12 (0. 05) 0. 118
(04/902>s 97. 6 (4. 1) 1124. 5 (118) 1. 13 (0. 09) 0. 094
(0/902)s 58. 2* - - -
(0/903)s 44. 4 (3) 413. 9 1 . 02 0. 05
[ (0/902/0)23s 74. 0 (4. 6) 777. 9 (52. 2) 1. 01 (0. 04) 0. 036
(02/902/±45)s 64. 7 (4. 6) 779. 0 (46. 2) 1. 19 (0. 06) 0. 215
(±45/902/02)s 64. 0 (6, 1) 768. 9 (48. 8) 1, 17 (0. 08) 0. 196
[ (0/90/±45)2]s 54. 9 (4. 5) 577. 0 (78, 0) 1. 0 ✓"NCOo 0. 320
GFRP laminates
0* 46. 3 (5. 2) 1130 (162.2) 2. 47 (0. 32) 0. 303(0. (
90* 13. 3 (0. 6) 58. 5 (2, 7) 0, 47 (0. 03) 0. 092
(0/90)s (CPI) 24. 6 462. 5 2. 14 -
(0/90)s (CP2) 25. 0 445. 1 2. 24 —
* modulus is calculated using laminated plate theory
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Table 4. 2
Transverse ply cracking strains for CFRP and GFRP laminates.
LAMINATE 2d
(mm)
F- appl lad 
<%)
-therm* 1 
(%)
^ -tot* 1 
<%)
CFRP laminates 
90° 1. 5 0. 57 0. 57
04/90/04 0. 125 0. 9 0. 40 1. 3
(04/90)s 0, 25 0. 82 0. 41 1. 23
<04/902)s 0, 5 0. 7 0. 42 1, 12
[ (0 / 902/ 0 ) 23s 0. 25 0. 8 0. 41 1. 21
(0/903)s 0. 75 0.-4 0. 37 0. 77
(0/902)s 0, 5 0. 56 0. 39 0. 95
(02/902/±45)s 0, 25 0. 8 0. 41 1. 21
(±45/902/02>s 0. 25 0. 77 0. 41 1. 18
t(0/90/ + 45)23 s 0. 125 0. 9 0. 41 1. 31
GFRP laminates
90° 1. 7 0. 47 - 0. 47
(0/90)s (CPI) 0. 78 0. 38 0. 07 0. 45
(0/90)s (CP2) 0. 52 0. 4 0. 07 0. 47
2d transverse ply thickness
a^pplied applied mechanical strain at the onset of cracking
Sth^ rmai residual thermal strain in 90° ply (calculated by laminate theory)
e tot«i total transverse ply cracking strain, i.e. sum of £ftpplied +
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STRAIN C/.)
Figure 4. 1<a)
Stress vs strain for CFRP laminates: unidirectional, 0/90/0 and 0/90/45 
laminates.
strain ( v.)
Figure 4. 1 (b)
Stress vs strain for CFRP laminates: L G45/-452/ + 45)2]s laminate.
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Figure 4. 12
Transverse ply crack density vs applied stress for GFRP (0/90)s laminates.
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Figure 4. 13
Damage at the edge of a transparent GFRP (0/90)5 coupon showing primary 
90* ply cracks and short angled edge cracks.
TRANSVERSE PLY THICKNESS, 2d (mm)
□ excluding thermal strain A including thermal strain
Figure 4. 14
Transverse ply cracking threshold strain (including residual thermal 
strain) vs transverse ply thickness for CFRP laminates (from Table 4.2)
TRANSVERSE PLY THICKNESS, 2d (mm)
Figure 4. 15
Comparison between predicted and experimentally determined transverse 
ply cracking threshold strain for GFRP (0/90)s laminates CPI (90° ply 
thickness = 0.78mm) and CP2 (90° ply thickness = 0.52mm).
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Enclosed flaw in the transverse ply (from Ogin and Smith 1985).
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Figure 4. 17
Generalised diagram for first ply failure for CFRP and GFRP laminates 
(data from Table 4.2) [after Smith et al 19851,
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CHAPTER 5 CYCLIC LOADING OF CFRP LAMINATES
In this chapter, fatigue fracture behaviour and damage development in the 
CFRP 0,90 and 0, 90,+45 laminates is described, Stress-fatigue life curves 
are determined and features of the resulting fractures and surviving coupons 
are examined. Progressive damage at cyclic loads below the run-out stress is 
investigated for some of the laminates at cyclic loads both above and below 
the static transverse ply cracking threshold using microscopy and 
X-radiography, The dominant damage mechanisms are described on the basis of 
stress-lifetime and strain-lifetime representations of the fatigue data and 
correlated with experimental observations of damage.
5.1 FATIGUE FRACTURE BEHAVIOUR
The test procedure for determining S-logN curves is described in 
Chapter 3, Section 3,3,3, The maximum cyclic stress was plotted against the 
log of the number of cycles to failure of the coupons, shown in Figures 5.1 
and 5.2. The average static strength and strain to failure are indicated 
with scatter at one quarter cycle in the S-logN plots. The -> symbol denotes 
a run out test in which the coupon survived more than 10s cycles,
5,1,1 S-logN curves for 0,90 laminates
Plotted as the maximum cyclic stress against the number of cycles to 
failure (Figure 5, 1), the separation between sets of data obviously reflects 
the different static strengths of each laminate, The slopes of the S-logN 
curves are given in Table 5, 1, Slopes for the (04/90n)s laminates range 
between 26 MPa/decade and 37 MPa/decade and the slope for the t (0/902/0>2] s 
laminate is considerably lower at 9 MPa/decade.
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5. 1, 2 S-logN curves for 0,90,±45 laminates
The slope of the S-logN curves for the (02/902/±45)s and (±45/902/02)s 
laminates (Table 5.1) was similar to the range for (04/90n)s laminates, i,e.
32 MPa/decade, and was approximately double that of the value for the 
t(0/90/±45)2]s laminate.
5.1,3 Fatigue failure appearance
Fatigue fractures in the (04/90n)s type laminates were all very similar 
and there was no marked difference between static failures and high-cycle and 
low-cycle failures, Brush-like fracture of the longitudinal plies was 
accompanied by delaraination from the extensively cracked transverse plies, 
There was a more obvious change in failure mode in the [ (0/902/0)2]s 
laminate. Low-cycle failures appeared similar to static failures, where the 
longitudinal ply failed transversely at a single location without much 
splitting and there was separation between the longitudinal and transverse 
plies. High-cycle failures showed considerably more extensive brushy 
longitudinal ply failure and less 0/90 delamination. Note that the 
[ (0/ 902/0 ) 23s coupons shown had very different fatigue lifetimes for similar 
cyclic stresses.
In the (02/902/±45)s laminate, the fracture site was generally localised 
with very limited delamination. There was a marked change in the mode of 
fatigue failure between low and high-cycle fatigue, Low-cycle damage 
resembled static damage whereas high-cycle failures were characterised by 
very extensive delaraination along the whole length of the coupon. The 
development of fatigue damage in this laminate is described in detail in 
Section 5. 3. 1.
Fatigue fractures in the (±45/902/02)s laminate showed a similar 
transition from a static-type failure mode in low-cycle fatigue to a 
high-cycle fracture mode with extensive delamination along the entire length 
of the coupon and cracking in the outer 45° plies.
In summary, low-cycle fatigue fractures in all of the laminates appeared 
to be similar to static fractures. There was no obvious change in fatigue 
failure mode with increasing lifetime for (04/90n)s laminates but the
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dispersed Ot 90 laminate and the quasi-isotropic laminates showed a more 
marked transition, characterised by more extensive delamination and 'brushy' 
0° ply failure at high cycles.
5. 2 DEVELOPMENT OF FATIGUE DAMAGE IN 0, 90 LAMINATES
Progressive damage development in the (0/90n)s laminates has been 
followed at different load levels using edge microscopy and X-radiography. 
Fatigue damage in (04/90n)s and C (0/902/0)23s coupons was investigated only in 
run-out coupons from the tests to determine S-logN curves.
5.2.1 (04/90n)s and E <0/902/0)23s laminates
Figure 5.5(a) shows a radiograph of a run-out (04/902)s coupon after 1.5 
million cycles at a peak stress of approximately 80% of the static laminate 
strength. This shows a very high transverse crack density and extensive 
cracking parallel to the fibres in the outer longitudinal plies which has 
propagated along the whole length of the coupon. This type of damage was 
typical of all cross-ply laminate run-out coupons. Similar features are seen 
in the radiograph of a C(0/902/0)23s run-out coupon cycled at about 75% of 
the static strength (Figure 5,5b).
Optical microscopy on edge sections removed from the run-out coupons 
(Figure 5.6) revealed 0/90 interface delamination, which was not present 
under static loading (Figure 4.6b).
5.2.2 (0/90n)s laminates
Laminates of the type (0/90n)s with n=2 and 3 were studied. Damage
development here was followed more extensively than for the other 0,90
laminates,
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(0/903)s laminate
Fatigue tests were conducted at several maximum cyclic loads 
corresponding to levels above and below the static cracking threshold of 
170 MPa (0.4% strain). Different coupons were loaded in fatigue at peak 
stresses in the range 105 MPa to 285 MPa (corresponding to initial strains of 
between 0,25% and 0,68%),
The X-radiographs in Figure 5.7(a) are representative of the damage 
sequence at a stress of 285 MPa (0.68% initial strain). Radiographs were 
taken at 2,000 cycles up to 25,000 cycles and then after every 50,000 cycles. 
After 12,000 cycles, the crack density was approximately equivalent to the 
density at just over 0. 8% strain in monotonic loading (Figure 4. 4, 4. 5a), 
Cracks appeared to span the complete width of the coupon at every stage up to 
approximately 18, 000 cycles when slow crack growth across the width was 
observed. In the later stages of the test, radiographs showed fainter short 
cracks associated with the primary transverse cracks (indicated t at 591,000 
cycles in Figure 5,7a). These short cracks appeared to be confined close to 
the edge of the coupon and propagated very slowly over many thousands of 
cycles. Longitudinal ply cracks appeared after 100,000 cycles, propagating 
from the end tabs as well as short 0° ply cracks located randomly throughout 
the coupon at the intersection of transverse cracks with the longitudinal ply 
(indicated ’ L* in Figure 5.7), The dark area associated with this 
intersection on the radiograph corresponds to internal delamination between 
at the 0/90 interface. The test was stopped after 591,000 cycles due to 
extensive longitudinal ply cracking and delamination of the surface 0° ply, 
shown in the radiograph.
The transverse ply crack density at the coupon edge measured for tests at 
all of the loading levels is plotted in Figure 5.8. The static maximum crack 
density is also indicated, The high crack density measured in the 285 MPa 
test, which exceeds the static density, may result from the inclusion of the 
short faint transverse cracks in the count of primary transverse cracks.
This coupon did not have a pre-polished edge and so a section was prepared 
after testing for microscopy. Figure 5,9 shows a section from this coupon, 
compared with a section of a coupon which failed in static tension. The 
fatigued specimen shows angled secondary transverse cracks associated with
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the primary transverse cracks which were not seen in monotonic loading. 
Secondary cracks formed at a regular distance of approximately one half of 
the transverse ply thickness away from the primary crack. Two secondary 
cracks were often associated with one primary crack.
The surface 0° ply was polished away to reveal the transverse ply 
(Figure 5, 10). The secondary transverse ply cracks were then seen to run 
only part of the way across the coupon and the short faint cracks seen on the 
radiographs correspond to these angled transverse cracks.
Damage development in the tests at 250 MPa and 210 MPa (0,6% and 0.5% 
strain) was monitored at the pre-polished edge of the coupon, which indicated 
how the angled transverse cracks formed. Figure 5. 11 shows the same area on 
the edge of a coupon loaded at 210 MPa after 350,000 and 500,000 cycles, 
where two angled cracks eventually grow on each side of the main crack.
Figure 5, 12 shows details of angled crack formation, Short cracks have 
formed in the resin-rich 0/90 interface near the main transverse crack to 
form a discontinuous extension of the local delamination at the root of the 
main transverse crack. The angled cracks do not appear to extend into the 
transverse crack, probably because the stress in the transverse ply available 
to propagate the angled crack falls to zero at the crack plane. No angled 
transverse cracks were observed in the tests at stresses below 210 MPa.
Short, randomly dispersed longitudinal ply cracks were also seen in the 
210 MPa test after 1 million cycles, marked ' L1 in Figure 5, 13. These 0° 
cracks were also seen in the 285 MPa test after 200,000 cycles (Figure 5.7),
Damage development in the tests at 170 MPa and 105 MPa (0. 4% and 0.25%. 
strain) was also monitored at the pre-polished free edge of the coupon,
Since no X-radiographs were taken of these specimens during fatigue loading, 
only the number of transverse cracks at the edge was obtained. Radiographs 
were, however, taken at regular intervals during fatigue loading at 150 MPa 
(0. 35% strain) which was below the static transverse ply cracking threshold. 
Figure 5, 14 shows a series of X-radiographs from this test, Transverse 
cracks were initiated at the edge of the coupon after 10,000 cycles and then 
grew slowly across the width of the laminate over many thousands of cycles 
throughout the duration of the test (up to 2 million cycles). This cracking
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behaviour is in marked contrast to the 285 MPa test, above the static 
cracking stress, where cracks initially grew rapidly to span the full ply 
width and only later in the test, when the crack spacing had decreased, did 
the cracks grow slowly.
The dependence of crack growth rate on crack spacing and loading level is 
discussed in detail in Chapter 6,
(0/902)s laminate
The development of transverse ply cracking in fatigue at maximum cyclic 
stresses of 235MPa, 360MPa and 500MPa at a frequency of 10Hz with R=0. 1 was 
followed using X-radiography. the results are qualitatively in agreement 
with tests on the (0/903)s laminate.
Under fatigue loading at 235 MPa, which was below the static transverse 
ply cracking stress of approximately 325 MPa, transverse cracks initiated at 
the edge and grew slowly across the width of the coupon over several 
thousands of cycles (Figure 5. 15b). At 360 MPa, above the static cracking 
stress, cracks initially grew rapidly across the full width of the coupon 
until the average crack spacing had decreased to approximately 1-2 ply 
thicknesses, After several hundred cycles, slow crack growth was observed, 
although some cracks still grew rapidly. Later, slow growth became 
predominant as the crack spacing decreased further on continued cycling.
Under fatigue loading at 500 MPa (Figure 5,15c), which was much higher than 
the static cracking stress, cracks grew rapidly across the complete width of 
the coupon, reaching a very high density within a few hundred cycles. Cracks 
which initiated after 100-500 cycles grew slowly across the width of the 
coupon at a rate which depended on the local crack spacing (see Chapter 6).
Longitudinal ply cracks were observed at the 200,000 cycles interval.
Long 0° ply cracks propagated from the end tabs and short cracks, randomly 
dispersed within the length of the coupon away from the tabs (marked *L' in 
Figure 5. 16), increased both in number and extent by 300,000 cycles. Strips 
of the longitudinal ply had separated from the transverse ply at the edge of 
the coupon by this stage.
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Polished edge sections were prepared after testing at the three stress 
levels and examined in the optical microscope. The appearance of the edge in
fatigue coupons loaded at 235 MPa after 500,000 cycles (Figure 5, 17a) and at
360 MPa after 200,000 cycles was similar to the statically loaded coupon at 
failure (Figure 4.6b), Transverse cracks spanned the thickness of the 90° 
ply and were arrested at the 0/90 interface. However, at 500 MPa after
300,000 cycles (Figure 5, 17b), angled secondary transverse ply cracks were
observed, as seen in the (0/903)s laminate at fatigue stresses above the 
static cracking stress (Figures 5.9b and 5,11), These cracks could be 
distinguished from primary cracks on radiographs so that it was possible to 
infer that angled transverse cracks began under these loading conditions 
between approximately 5,000 and.20, 000 cycles. Angled cracks initiated at 
the 0/90 interface at a regular distance of approximately 0. 24-0, 26mm from 
the primary cracks and grew up to half way across the transverse ply but did 
not intersect the primary cracks (Figure 5,17). The spacing between primary 
and secondary transverse cracks was about half the transverse ply thickness, 
as in (0/903)s coupons. There was no continuous delamination at the 0/90 
interface running between the primary and angled transverse cracks, However, 
delaminations grew from the angled crack away from the primary crack which 
eventually linked adjacent angled cracks (Figure 5.12),
5,2,3 Summary of damage in 0, 90 laminates
In summary, the initial type of damage observed under fatigue loading of 
the 0, 90 laminates was transverse ply cracking, which developed at a rate 
which depended on the cyclic loading level. Below the static cracking 
threshold, cracks developed only after a certain number of cycles and then 
grew slowly across the width of the laminate (Figure 5.14). Above the static 
threshold, a high density of cracks developed over a few hundred cycles and 
if the cyclic load was sufficiently high, short angled transverse cracks 
formed close to primary transverse cracks (Figure 5,9), Longitudinal ply 
cracking also occurred at high cyclic loads. Long 0° ply cracks grew from 
the end tabs and short 0° ply cracks occurred at random throughout the length 
of the coupon, increasing in number and length with cycling. Small internal 
delaminations occurred at the 0/90 interface where these short longitudinal 
cracks intersected transverse ply cracks (Figure 5.7b). The damage observed 
in the (0/90„)s laminates is comparable to the advanced damage state seen in
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run-out coupons from the <04/90n)s laminate, in which extensive transverse 
and longitudinal ply cracking was present.
5, 3 DEVELOPMENT OF FATIGUE DAMAGE IN 0,90,±45 LAMINATES
The advanced damage state in fatigue run-out coupons was examined and the 
development of damage was followed in (02/902/±45)s and <±45/902/02)s 
laminates at cyclic stresses below the run-out level,
5.3.1 (02/902/±45)s laminate
Fatigue run-outs occurred below approximately 75% of the static strength 
and were extensively delaminated at the 90/+45 interfaces. In some cases, 
the laminate had separated completely into two 02/902 and one +45/-45/-45/+45 
sub-laminates, held together only at the end tabs. Coupons with such 
advanced delarnination were still able to support the tensile cyclic load 
without failure within one to two million cycles.
Progressive damage development was studied at cyclic stresses between 
450 MPa and 195 MPa, i. e, below the static transverse ply cracking threshold 
strain of approximately 520 MPa (0.8% strain).
Figure 5, 18 shows a series of photographs of a central section on the 
pre-polished free edge of a coupon loaded at 450 MPa (0,7% strain). The 
types of damage observed under cyclic loading were similar to those seen 
under static loading. No significant damage was observed until IO3 cycles, 
when several transverse cracks occurred within the coupon gauge length, 
Between 10s and 10* cycles, these cracks spanned the thickness of the 90* 
ply, initiating cracks which extended across the adjacent +45° ply from the 
90/+45 interface, On further cycling, many more transverse cracks were 
formed with associated +45* ply cracks and delamination at the 90/+45 and the 
+45/-45 interfaces. At 10E cycles, further cracks developed in both the 90" 
and +45" plies and existing delaminations had propagated, although the extent
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of delamination at the 0/90 interface was still relatively small. Cracks had 
also developed across the central -45* plies.
Broken 0” fibres were seen at the intersection of transverse cracks with 
the longitudinal ply. However, subsequent polishing away of the original 
surface revealed that this effect was confined to the coupon edge and was 
probably due to weakening of the fibre by removal of material during the 
initial polishing.
By 10s cycles, angled transverse ply cracks similar to those seen in the 
(0/903)s and (0/902)s laminates were observed (Figure .5. 19). Delaminations 
developed further on continued cycling (most severely at the 90/+45 interface 
but also at the 0/90 interface) and eventually led to complete separation 
along these planes (Figure 18d). However, even at this advanced stage of 
damage, the 0* plies were intact and the coupon could still support the 
maximum cyclic load.
The test was stopped at the last stage seen in Figure 5,18d 
(400,000 cycles) and the delamination surfaces were examined in the SEM. 
Figure 5.20 shows both surfaces of the 0/90 delamination. On the 90* ply 
surface, the delamination path tended to run on the 0° side of the resin-rich 
layer between the 0" and 90° plies, so that the prominent features are the 
imprints of the 0* fibres in the resin layer which adhered to the 90* ply.
The delamination crossed to the 90* side of the resin-rich layer between 
transverse cracks (indicated by t in Figure 5.20), exposing the 90* ply 
fibres at the positions indicated by «. The complementary 0* surface shows 
predominantly 0* fibres with strips of a resin-rich layer bearing imprints of 
the 90* fibres. There was no obvious concentration of fibre fractures where 
transverse cracks intersected the 0* ply,
Figure 5. 18 includes a section from a t (0/90/±45)2]s coupon after 2.5 
million cycles at 0.7% strain fatigue loading. Comparison with damage in the 
(02/902/±45)3 laminate cycled at the same level shows that delamination is 
much less severe in the laminate containing the thin, dispersed 0*, 90° and 
45* plies,
The development of damage in a similar test on a (02/902/±45)s coupon at 
390 MPa (0, 6% strain) was monitored using X-radiography to build up a picture
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of damage across the width of the coupon. Two stages from this test are 
shown in Figure 21a, At 550,000 cycles, delamination is indicated in the 
radiograph along both edges of the coupon and cracking in the 90° and 45° 
plies is also seen, Extensive delamination had propagated in from the free 
edge at 700,000 cycles, Direct observation of the coupon showed that the 
delaminations grew rapidly and complete separation into three laminae had 
occurred by 800,000 cycles.
These observations of the shape of the delamination front as it 
propagates in from the free edge of the coupon can be correlated with the 
crescent-shaped marking seen on fatigue fracture surfaces in the test at the 
0.7% strain level (Figure 5.21b). Complete delamination leaves two 0^/90^ 
sub-laminar sections and a +45/-45^/+45 section held together only at the end 
tabs. The texture of the marked region was due to impressions of fibres from 
the adjacent ply in the residual matrix layer remaining on the delaminated 
surface as described above for Figure 5.20,
The same sequence of damage accumulation was observed in coupons cycled 
at lower levels, although the extent to which the different types of damage 
developed depended on the loading level. Figures 21c and 2Id show 
photographs of edge damage in coupons after one million cycles at 325 MPa 
(0.5% strain) and 260 MPa (0.4% strain). The extent of damage in the 260 MPa 
test after 1 million cycles is comparable to the damage seen after 10,000 
cycles in the 450 MPa test. Loading at 195 MPa (0,3% strain) produced no 
transverse ply cracks within one million cycles. This suggests that a 
fatigue cracking threshold of between 0.3% strain and 0.4% strain must be 
exceeded before significant damage occurs in this laminate under cyclic 
loading.
Observations of the onset of each type of damage at each loading level 
were used to construct damage curves in terms of cracking in the 90° ply and 
the two central -45° plies (Figure 5.22). The S-logN curve included in this 
plot represents failure of the laminate.
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5. 3. 2 (±45/902/02)s laminate
Delaraination developed to a similar extent at high stress and long 
lifetime in the (±45/902/02)s laminate as in the (02/902/±45)s laminate 
described above. Run-out coupons separated into two outer ±45/90 
sub-laminates and an inner longitudinal section, as shown in the S-logN curve 
in Figure 5. 4. The delamination path alternated between the 0/90 and 90/-45 
Interfaces, leaving blocks of the transverse ply bonded to both the inner and 
two outer sections (Figure 5.23b).
The development of fatigue damage in the (±45/902/02)s laminate at 
320 MPa (0.5% strain) was monitored at the free edge of the coupon 
(Figure 5,23a). Transverse ply cracking was observed at 10,000 cycles with 
associated delamination at the 90/-45 interface and cracks in the adjacent 
-45 ply. At 100,000 cycles, the number of transverse and -45 ply cracks had 
increased and cracks had propagated into the outer +45 ply from delaminations 
at the +45/-45 interface, Longitudinal in-plane cracking in the transverse 
ply was also observed, After one million cycles, extensive delaminations had 
developed at the 0/90 and 90/-45 interfaces and joined to form a continuous 
path via in-plane cracks in the transverse ply. This gave rise to the 
characteristic step-like pattern seen at the free edge in this laminate 
(Figure 5,23b),
5. 4 SUMMARY OF EXPERIMENTAL OBSERVATIONS
Fatigue fractures only occurred at levels greater than approximately 80% 
of the static ultimate strength or failure strain. Slopes of the S-logN 
curves of 0" fibre dominated laminates were relatively flat and showed 
considerable scatter,
The accumulation of damage in fatigue loading followed the same general 
sequence as in monotonic loading, although the extent of damage produced by 
cyclic loading was greater than for static loading to a stress equivalent to 
the peak cyclic stress. For a particular laminate, off-axis ply cracks
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initiated at fatigue levels below the static cracking threshold and developed 
to an extent which depended on the applied load.
The observations of transverse ply crack development in the cross-ply 
laminates showed that the pattern of crack development depended on the load 
level and, by comparison with static damage development, on the mode of 
loading. Under static loading, transverse cracks propagated by fast fracture 
across the complete width of the ply. Under fatigue loading below the static 
cracking threshold, cracks grew slowly across the width of the ply. Crack 
propagation under fatigue loading at and above the threshold was initially 
fast and then slow crack growth occurred as the crack spacing decreased.
The early initiation of matrix cracking in fatigue relative to static 
loading consequently led to a decrease in the threshold for the onset of the 
other damage modes. Delarainations were able to propagate over many thousands 
of cycles, resulting either in separation of the laminate into discrete 
laminae (which could continue to support tensile loads via the longitudinal 
plies) or at high stresses, leading to failure. At fatigue levels below 
approximately 25-30% of the static transverse cracking strain, no significant 
damage was observed within one million cycles in any of these laminates.
The transverse ply crack density which developed under fatigue loading at 
high levels could exceed the maximum static crack density in 0,90 laminates, 
(This has been observed by other workers, for example, Jamison 1985,
Highsmith et al 1984, Kim and Aoki 1983). Angled transverse cracks developed 
in addition to primary cracks in (0/902)s and (0/903)s coupons at high 
stresses relative to the static cracking stress. This form of secondary 
cracking was not observed under static loading, Angled transverse cracks 
were also seen in the (02/902/±45)s laminate at an advanced stage of fatigue 
damage.
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DISCUSSION
When plotted as the maximum cyclic stress against the number of cycles to 
failure, Figure 5. 1, there is a large separation between the data for the 
four 0/90 cross-ply laminates. This obviously reflects the different static 
ultimate strengths which in turn reflects the different proportions of 0° 
plies in each laminate. The S-N data for each laminate has been fitted to a 
straight line by linear regression and the slopes are given in Table 5.1.
For the three (0„/90n/04) laminates, the slope lies in the range
26-37 MPa/decade and for the E (0/902/0)23s laminate it is about 9 MPa/decade.
Jones et al (1984) take account of the loading rate sensitivity of their 
CFRP and GFRP cross-ply laminates and performed fatigue tests at a constant 
rate of stress application rather than a constant frequency. They found that 
the static strength of CFRP laminates was independent of loading rate over 
the range investigated, i.e. 10~2 to 102 kN/second, This is relevant to the 
present work since static and cyclic loading was performed at very different 
loading rates, The rate of static loading to failure was approximately 
0.4 kN/second compared with fatigue loading at a frequency of 10 Hz which 
corresponded to between 400 to 600 kN/second (depending on the laminate 
strength). The results of Jones et al suggest the loading rate effect would 
be negligible and that the static strength of the CFRP laminates may be 
included with the cyclic data at one quarter cycle,
Mandell et al (1980) proposed that the tensile fatigue behaviour of a 
variety of different glass fibre reinforced plastics could be explained 
solely in terms of the degradation of the load-bearing glass fibres. They 
compared the S-N curves of GFRP materials with continuous and short fibres in
different orientations and matrix materials by fitting to a linear
least-squares relationship of the form
<j = <jt - B logN
where a is the maximum cyclic stress, o> is the intercept of the S-logN line
with the stress axis, B is the slope of the line and N is the number of 
cycles to failure. They found that the value of <yf lay close to the static
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strength measured at a comparable loading rate, Mandell et al also found 
that the ratio o>/B was a constant (about 10) for a wide range of different 
GFRP composites and concluded that the fatigue behaviour of the composite was 
dominated by the fatigue resistance of the reinforcing fibre.
Jones et al (1984) attempted to use this relationship to analyse the 
effects of environmental conditioning on the fatigue behaviour of cross-ply 
GFRP laminates, Their results did not agree with the proposed ratio of 
af/B=10 and the authors found that the development of fatigue damage was not 
entirely fibre-dominated but was also influenced by transverse ply matrix 
cracking.
If the approach of Mandell et al is taken for the present CFRP laminates, 
the static laminate failure stress can be plotted against the slope of the 
stress-cycles curve (Figure 5.24). The data for the 04/B0n/04 laminates lie 
on a line which gives a ratio of crf/B of approximately 42. By comparison 
with Mandell et al's value of crf/B=10 for GFRP, corresponding to a slope of 
10% per decade of life, the CFRP cross-ply laminates show a smaller 
degradation of around 2, 4% per decade, This is consistent with the good 
fatigue resistance characteristic of CFRP composites with a high proportion 
of unidirectional fibres loaded parallel to the fibre direction (e.g. Dharan 
1975, Awerbuch and Hahn 1977, Curtis and Moore 1982). The C (0/902/0)23 s and 
the 0,90,±45 laminates lie on either side of the line for the 04/90n/04 
laminates, implying a higher fatigue resistance for t (0 / 902/0 ) 23s and lower 
resistance for quasi-isotropic laminates, Although t(0/902/0)23s has a 
smaller total number of 0" plies, these plies are in a dispersed 
configuration rather than grouped together as in 04/90+04 laminates. The
apparently better fatigue performance of t (0/902/0)23s suggests that fibre 
failures may be sustained in separate 0" plies without creating a zone of 
fibre fractures of a critical size to cause fracture of the coupon 
(e.g. Talreja 1981, Jamison 1987, Curtis 1987). The poorer fatigue 
performance of the quasi-isotropic laminates is a consequence of the high 
proportion of off-axis plies which accumulate progressive damage in the form 
of matrix cracking and delamination (Curtis 1984, Poursartip et al 1986, Kim 
and Aoki 1983, O'Brien 1982, Reifsnider et al 1983, Masters and Reifsnider 
1982), Data from Dickson et al (1985) for a 0,90 XAS carbon fibre/PEEK
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laminate is included in Figure 5.24 and lies closer to the line than data for 
a similar HTS carbon fibre/epoxy laminate from Jones et al (1984),
The fatigue resistance of the cross-ply CFRP laminates can apparently be 
described by an approximately constant ratio of at/B which suggests, after 
Mandell et al (1980), that the fatigue process in these laminates has a 
common mechanism, i.e. fibre failure, Jones et al (1984) analysed their 
fatigue life data for a 0,90 carbon/epoxy laminate (see Table 5. 1) by 
comparing the slope of the S-logN curves for the cross-ply and a 
unidirectional laminate containing the same fibres. On a normalised cyclic 
stress against log cycles plot, the 0,90 curve superposed on the curve for 
the unidirectional laminate containing the same reinforcing fibres (taken 
from Sturgeon 1975). Jones et al concluded that damage in the transverse 
plies in CFRP laminates had little effect on the fatigue response of the 
cross-ply laminate and that fatigue failure was controlled by the same 
mechanism as in the unidirectional laminate, i.e. accumulation of critical 
damage in the 0° ply.
Figure 5.25 shows a similar comparison of normalised S-logN curves for 
the XAS/914 cross-ply laminates with the unidirectional XAS/914 CFRP curves 
of Sturgeon (1975). The data for the 0,90 laminates lie above the line for 
the corresponding XAS fibre unidirectional composite and in fact lie between 
the lines for the stiffer HTS and HMS fibres. This not only suggests that 
transverse ply damage does not adversely affect the fatigue behaviour but 
that the cross-ply laminates show superior fatigue resistance to the 
unidirectional laminate. This was also noted by Dickson et al (1983, 1985)
in a similar approach to fatigue life of XAS/PEEK and HTS/Code 69 epoxy 
cross-ply laminates. They found that data for the XAS/PEEK laminate lay 
slightly above the line for the unidirectional XAS composite and closer to 
the line for the stiffer HTS fibre composite, The authors concluded that the 
effective improvement in fatigue resistance which this represents derived 
from the greater resistance to crack growth of the tough thermoplastic PEEK 
matrix, They suggest that the matrix toughness contributes to delaying 
achievement of a critical level of 0* fibre fractures which would lead to 
laminate failure, rather than suppression of matrix cracking since the
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laminate developed an extensive array of both transverse and longitudinal 
cracks.
The 914 resin in the present CFRP laminates is a modified epoxy which is 
apparently more damage resistant than the Code 69 matrix resin in the 0/90 
laminates studied by Jones et al (1984) and Dickson et al (1985). Comparison 
of static transverse cracking strains for identical laminates in the XAS/914 
and XAS/Code 69 systems (Harrison and Bader 1981, Boniface and Bader 1986) 
shows increased damage thresholds with the 914 matrix. The toughness of the 
914 resin may contribute to an improvement in fatigue behaviour of the 
cross-ply laminates over that of unidirectional laminates, as seen by Dickson 
et al (1985),
The fatigue behaviour of the CFRP laminates appears to be dominated by 
the fatigue resistance of the reinforcing fibres, in agreement with Jones et 
al (1984). However, there is a small effect of the proportion of off-axis 
plies on the slope of the S-logN curves (Table 5. 1). Figure 5,26 shows the 
slope of the maximum cyclic stress vs log of cycles curve plotted against the 
percentage of 0* plies for the present CFRP XAS/914 laminates. Data for the 
four cross-ply laminates follow a linear relationship fairly well and 
suggest, unexpectedly, that the slope of the S-N curve decreases as the 
proportion of 0° plies decreases, i, e. the (04/90n)s laminates show better 
fatigue resistance as n, the number of transverse plies, increases. This is 
contrary to the generalized S-logN curves shown by Curtis (1987) where the 
slope of the curve decreases with increasing 0' ply content. However, this 
is in agreement with Charewicz and Daniel (1986) who found improved fatigue 
behaviour with increasing proportion of 90° plies when comparing 
unidirectional, (Q/902)s and (0/904)s CFRP laminates. Their data is plotted 
in Figure 5.27 together with the data of Figure 5.26 from the normalised 
S-logN curve of the present laminates and for a cross-ply XAS/PEEK laminate 
studied by Dickson et al (1985). The cross-ply data are correlated with the 
corresponding carbon fibre unidirectional laminate. The data of Jones et 
al (1984) is also included, showing no influence of 90° ply content. As 
indicated in the normalised S-logN curve, the behaviour of the XAS/914 
laminates corresponds more closely to the characteristics of the HTS fibre 
unidirectional composite than the XAS fibre composite.
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The slope of the normalised S-N curve increases significantly with 
decreasing 0“ ply content for the quasi-isotropic laminates (Figure 5.28).
The fibre-dominated model of the fatigue process is clearly not relevant to 
these laminates in which matrix cracking and delamination between plies 
becomes extensive at high cyclic loads and long lifetimes.
Following the approach of Talreja (1981), the S-logN curves of the CFRP 
laminates can be analysed in terms of applied cyclic strain. Talreja 
proposes fatigue life diagrams for tensile fatigue of unidirectional and 
multi-ply composite materials based on distinct regions in which a limited 
number of possible failure mechanisms are dominant. The applied strain is 
used since this is equivalent in both the fibres and matrix in the composite 
whereas the stress will be different, depending on the relative modulus of 
the constituents. Talreja's approach is described more fully in the 
literature review (Chapter 2),
Talreja's fatigue life diagram for cross-ply laminates (Talreja 1981) 
consists of a horizontal fibre failure band and a sloping scatter band 
corresponding to progressive matrix damage. A lower band represents the 
fatigue limit and is taken to be the proportional limit of the static 
stress-strain curve, A fatigue life diagram is plotted in Figure 5.29a for 
the CFRP cross-ply laminates using an upper band centred about the average 
static failure strain of the four laminates and the static transverse 
cracking strain as the lower band (see Table 4.2). The strain to the onset 
of the first form of damage is used by Talreja, Most of the data fall within 
the upper fibre failure band which is consistent with the predominantly fibre 
controlled fatigue process described by Jones et al (1984) and Mandell et al 
(1980) and applied to these laminates, Run-out tests occurred in the 
progressive damage region and none of the data lie below the transverse ply 
cracking band.
A similar diagram for the quasi-isotropic laminates is plotted in 
Figure 5. 29b. The upper and lower bands are at the approximately same 
strains as for the cross-ply laminates (see Tables 4, 1 and 4,2 for mechanical 
properties and transverse ply cracking thresholds for these laminates) and 
the progressive damage band is drawn to include the data points between the 
upper and lower bands. Fewer fatigue failures occur in the fibre failure
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band which is consistent with the different predominant damage mechanisms 
which occur in these laminates. Run-outs and fatigue failures occur within 
the progressive damage band and no coupons failed below the lower transverse 
ply cracking band. The damage curves for the (02/902/±45)s laminate (taken 
from Figure 5.22) showing limits for the occurrence of cracking in the 90° 
and central -45° plies are superposed on the diagram in Figure 5,30. This 
indicates that for coupons cycled at a level equivalent to the static 90" ply 
cracking strain, 90" ply cracking occurred from the first cycle and -45° ply 
cracking had begun by about 100 cycles and delamination would eventually 
follow. At strains below the lower limit, severe damage could also develop 
but would not necessarily lead to failure,
The concept of fatigue life diagrams based on strain ranges in which 
different damage mechanisms operate are applicable to the CFRP laminates and 
appear to describe the fatigue behaviour quite well. An endurance limit 
emerges from this representation of the data which corresponds to the static 
transverse ply cracking strain of the laminates. Although the fatigue 
behaviour of the 0/90 laminates largely depends on the fatigue response of 
the 0° fibres and is not adversely affected by transverse ply damage, 
transverse ply cracking is important as the initial stage of damage leading 
to more severe damage.
The shape of the S-logN curve appears to be influenced by both the 
proportion and arrangement of 0° plies, Figure 5.24 shows that for 0,90 
laminates, the slope of the curve decreases as the proportion of 0° plies 
relative to 90° plies decreases. This effect is unexpected on the basis that 
a very high density of transverse ply cracks occurs from the first cycle in 
coupons which fail in fatigue, hence any deleterious effect of matrix 
cracking in localizing critical damage (Reifsnider 1984, Highsmith and 
Reifsnider 1984) will be maximised. Also, a laminate with a high proportion 
of 0° plies would be expected to behave more like a unidirectional laminate, 
which has a very shallow S-logN curve, The (0/902)s and (0/904)s laminates 
studied by Charewicz and Daniel (1986) also show this effect which is 
surprising since the proportion of 0° plies relative to 90' plies is small 
(50%) compared to the minimum in the present 0,90 laminates. The decrease in 
slope of the S-logN curve with increasing 90" plies could be explained if 
growth of the type of microdamage analysed by Reifsnider and co-workers (e.g.
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Reifsnider and Stinchcomb 1986), such as dispersed longitudinal ply cracking 
and internal delaminations, provided a crack-blunting mechanism which delayed 
rather than promoted fracture of load-bearing fibres.
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Table 5. 1
Slope of the S-logN curves for XAS/914 CFRP laminates measured from maximum 
cyclic stress vs log of the number of cycles to failure (Figures 5. 1 and 5. 2) 
and normalised cyclic stress vs log of the number of cycles to failure 
(Figures 5.3 and 5.4). Values from the literature for comparable CFRP 
laminates are also included.
LAMINATE SLOPE OF S-logN CURVE
strength loss normalised
strength loss 
(MPa/decade) (% /decade)
REFERENCE
XAS/914 laminates :
CU/90/0* 37 3. 0 - Figures 5. 1 and 5. 3
(04/90)s 32 2. 4
(04/902)s 26 2. 3
[ (0/902/0)2]s 9 1, 1
(02/902/±45)s 32 4. 1 - Figures 5, 2 and 5.4
(±452/902/02)s 32 3. 8
[ (0/90/±45)2]s 18 3. 1
[ (±45)23s 16 8. 0 Boniface and Bader (1986)
published data :
±45 carbon/epoxy 11 - Dickson et al (1985) *
±45 carbon/PEEK 16 - H «. *
±45 CFRP 20 - Curtis (1987b)
0° XAS/epoxy - 6. 6 Sturgeon (1975)
0* XAS/913 epoxy - 6 Curtis and Moore (1982)
0° XAS/PEEK 42 - Dickson et al (1985)
0* HTS/epoxy - 3. 6 Sturgeon (1975)
0* AS4/epoxy - 8. 3 Charewicz and Daniel (1986)
(0/90)as XAS/69 epoxy 35 3. 6 Jones et al (1984) «
Dickson et al (1985)
(02/902)3S XAS/PEEK 30 5. 4 M " *■*
(0/902)s AS4/epoxy - 7 Charewicz and Daniel (1986)
(0/90d)s " - 4. 4 «« ii
$ tested after exposure at 65% relative humidity
** average value from laminates tested after various hygrothermal
treatments (oven-drying, exposure at 65% relative humidity, immersion in 
boiling water)
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a (04/902)s coupon, 1.5 million cycles, fatigue at 80% of static strength 
<L = longitudinal ply cracks)
b [ (0/902/0) 2] s coupon, 1.69 million cycles, fatigue at 75% of static 
strength (L = longitudinal ply cracks).
Figure 5. 5
X-radiographs showing high-cycle fatigue damage in CFRP 0/90/0 coupons.
ti------1
0. 25mm
0/90 interface delamination
Figure 5. 6
Micrograph showing high-cycle fatigue damage at the edge of CFRP (0+90) 
coupon, 2.3 million cycles, fatigue at 79% of static strength.
C F R P  ( 0 / 9 0 6 /0): fatigue
0 . 6 8 %  strain, 1 cycle
12 x 1 0 3  cycles
591 x 1 0 3  cycles
i i
1 0mm
Figure 5.7(a)
Series of X-radiographs showing damage development in a CFRP (0/903)s coupon 
during fatigue at a maximum stress of 285 MPa (69% of static strength).
A angled edge cracks in the transverse ply
D delamination at the 0/90 interface
L longitudinal ply cracks
coupon width 20mm
Figure 5.7(b)
X-radiograph showing damage in a CFRP (0/903)s coupon after 591,000 
cycles fatigue at a maximum stress of 285 MPa (see Fig. 5.7a).
A angled edge cracks in the transverse ply
D delamination at the 0/90 interface
L longitudinal ply cracks
T  1 .0£
~  0.9I—
i  0.8LUQ
g  0.7 -<QC
£  0.6 )—_J
LU 0.5
CO QC 111
> 0 4  co u . r
I  a .3 ;
0 . 2 :  
0 . 1 :
0 :
0 1 2 3 4 5 6 7
LOG (NUMBER OF CYCLES)
1.2
1.1
Figure 5. 8
Transverse ply crack density (measured at the coupon edge) vs number of 
cycles for CFRP (0/903)s coupons at maximum cyclic stresses between 
105 MPa and 285 MPa (corresponding to initial strains of between 0.25% 
and 0.68%)
failure: m o n o t o n i c  tension. 591 x 103 cycles, 0 . 6 8 %  C.
Figure 5. 9
Micrographs showing edge damage in CFRP (0/903)s coupons at static 
failure and after fatigue loading at 69% of static strength.
primary crack extends 
^  across coupon width
angled
crack stops ►
coupon edge
t 90* FIBRE 
DIRECTION
plan
polished away £ _CT_
90' edge
O'
angled
crack
primary
crack
Figure 5. 10
Micrograph showing a plan view of the transverse ply in a CFRP (0/903)s 
coupon with the 0* ply polished away. The angled crack
at the edge extends only a short distance across the width of the ply 
while the primary crack spans the complete width.
coupon thickness lrcm
350 000 500 000
cycles cycles
Figure 5. 11
Micrographs showing primary and angled transverse ply cracks at the edge 
of a CFRP (0/903)s coupon during fatigue at a maximum stress of 210 MPa 
(«82% of static 90* ply cracking stress).
0.05mm
90* ply
04 Ply
1 primary transverse ply crack
2 short angled cracks
3 angled transverse ply crack
4 0/90 interface delamination
Figure 5. 12
Edge micrograph illustrating the formation of angled transverse ply 
cracks under fatigue loading in a CFRP (0/903)s laminate.
coupon width 20mm
250,000 
cycles
1,000, 000 
eyeles
Figure 5. 13
X-radiographs showing damage development in a CFRP (0/903)s coupon during 
fatigue at a maximum stress of 210 MPa (-82% of static 90* ply cracking 
stress).
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Figure 5. 16
X-radiograph showing damage in a CFRP (0/902)s coupon after 300,000 
cycles fatigue at a maximum stress of 500 MPa (150% of static 90* ply 
cracking stress). L = longitudinal ply cracks.
0.25mm
a 500,000 cycles fatigue at <tmax=235 MPa
b 300,000 cycles fatigue at aMAX=500 MPa
Figure 5. 17
Micrograph showing edge damage in CFRP (0/902)s coupons.
0* 90° +45° -45" plies
(right) 
[<0/90/±45)23s 
laminate for 
comparison
O' +45*90* -45* plies
90/+45 interface delamination
4- 4-
1 0 mm
10  ^ cycles 10^  cycles 10^  cycles 4x103 cycles
Figure 5. 18
Series of photographs showing the development of damage on the edge of a 
CFRP (02/902/±45)s coupon during fatigue at a maximum stress of 450 MPa 
(58% of static strength) and comparison with damage in CFRP 
[ (0/90/±45)23s laminate.
0. 1mm
primary transverse 
crack
angled transverse 
crack
+45* ply
90* ply
0* ply
Figure 5. 19
Micrograph showing primary and angled transverse ply cracks on the edge 
of a CFRP (02/902/±45)s coupon after 100,000 cycles at a maximum stress 
of 450 MPa (58% of static strength).
t
90" fibre direction +• 0* fibre direction
+
a 90* ply surface b 0* ply surface
Figure 5. 20
0/90 interface delamination in a CFRP (02/902/±45)s coupon after 400,000 
cycles at a maximum stress of 450 MPa.
(a) 550,000 
cycles
700,000 
cycles
(b)
A
’ 'i'1 ; ■ ‘ ■ ] ji’ ' { l i t : '  -i ; '
N
H i • •• - t « v »  - | j j  v  I ' " , ® '
±45* ply surface
90 * ply surface
(c) <d>
Figure 5.21
Fatigue damage development in CFRP (02/902/±45)s laminate:
a X-radiographs of a coupon during fatigue at a maximum cyclic stress
of 390 MPa.
b 90/+45 interface delamination surfaces after 400,000 cycles fatigue
at a maximum cyclic stress of 450 MPa.
c micrograph showing edge damage after 1 million cycles fatigue at a
maximum cyclic stress of 325 MPa.
d micrograph showing edge damage after 1 million cycles fatigue at a
maximum cyclic stress of 260 MPa.
L O G  ( N U M B E R  O F  C Y C L E S )
Figure 5. 22
S-logN curve for the CFRP (02/902/±45)s laminate including damage 
threshold curves for 90° ply and -45° ply cracking.
Figure 5. 23(a)
Series of photographs showing the development of damage on the coupon 
edge for a CFRP (±45/902/02)s coupon during fatigue at a maximum stress 
of 320 MPa (42% of static strength).
IO3 cyc les  IO4 10s IO6
Figure 5.23(b)
Delaraination at the 0/90 and 90/-45 interfaces after fatigue in a CFRP 
(±45/902/02)s coupon.
0 10 20 30 40 50
SLOPE OF S - lo g N  CURVE <M P a/decade)
Figure 5. 24
Laminate strength vs slope of the maximum cyclic stress-nuraber of cycles 
to failure curves for the CFRP laminates (see Figures..5. 1 and 5.2), 
including data for CFRP 0,90 laminates from [al Dickson et al (1985) for 
XAS/PEEK and Cbl Jones et al (1984) for HTS/epoxy.
(a)
LOG (NUMBER OF CYCLES TO FAILURE)
(b)
LOG (NUMBER OF CYCLES TO FAILURE)
Figure 5. 25
Cyclic stress normalised with respect to laminate strength vs log (number 
of cycles to failure) for CFRP, including S-logN curves for CFRP 
unidirectional laminates containing HMS, HTS and XAS carbon fibres from 
Jones et al (1984): (a) 0, 90 laminates (b) 0,90,±45 laminates.
PERCENTAGE OF 0° PLIES IN LAMINATE (%)
Figure 5. 26
Slope of the maximum cyclic stress-number of cycles to failure curves for 
the CFRP laminates (see Figures 5.1 and 5.2) vs 0’ ply content of the 
laminates, including data for CFRP 0,90 laminates from [ a3 Dickson et al 
(1985) for XAS/PEEK and £b3 Jones et al (1984) for HTS/epoxy.
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Figure 5. 27
Slope of the normalised maximum cyclic stress-number of cycles to failure 
curves for CFRP 0,90 laminates (see Figure 5.3) vs 0* ply content of the 
laminates, including data for CFRP unidirectional and 0,90 laminates:
al (0/904)s [.from Charewicz and Daniel 19863 
a2 (0/902>s 
a3 AS4 0°
bl XAS/PEEK 0/90/0 [from Dickson et al 19853
b2 XAS 0' [from Jones et al 19843
cl HTS/epoxy 0/90/0 [from Jones et al 19843 
c2 HTS 0° |.
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Figure 5. 28
Slope of the normalised maximum cyclic stress-number of cycles to failure 
curves for the CFRP 0,90 and 0, 90, ±45 laminates (Figures 5.3 and 5.4) vs 
0° ply content of the laminates.
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CHAPTER 6
GROWTH OF TRANSVERSE PLY CRACKS DURING FATIGUE 
IN CFRP AND GFRP LAMINATES
CHAPTER 6 GROWTH OF TRANSVERSE PLY CRACKS DURING FATIGUE IN CFRP AND GFRP 
LAMINATES
6, 1 INTRODUCTION
The observations described in Chapter 5 showed that the pattern of 
transverse ply crack development depended on the mode of loading and on the 
stress level under cyclic loading, In this chapter, observations on the 
growth of individual transverse,ply cracks in 0/90/0 CFRP and GFRP laminates 
with different 90* ply thicknesses under tensile fatigue loading are 
presented. The pattern of crack development is described at different peak 
stresses and, for GFRP laminates, at different R ratios. The relationship 
between the crack length, the growth rate and the spacing between cracks is 
investigated through measurements of individual growing cracks in all of the 
tests. Transverse ply crack growth is analysed using a model based on the 
stress Intensity factor at the tip of a growing crack and the stress 
intensity factor is then related to the crack growth rate by a Paris fatigue 
crack growth relationship. The detailed morphology of the cracks is 
described and observations on crack initiation and interaction are presented, 
A qualitative indication of the stress disturbance around growing crack tips 
is obtained by in-situ photoelastic studies.
6.2 TRANSVERSE PLY CRACK DEVELOPMENT
The loading conditions for all of the CFRP and GFRP laminates are 
summarised in Table 6, 1, The following sections describe the pattern of 
transverse crack development from X-radiographs of CFRP laminates and 
photographs of the transparent laminates.
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6.2.1 CFRP laminates
(0/903)s laminate
Measurements of transverse ply crack growth were made from X-radiographs 
of coupons cycled at maximum stresses of 150 MPa and 285 MPa (i.e. below and 
just above the static transverse cracking stress of approximately 260 MPa) 
with R=0, 01,
A series of X-radiographs of the coupon cycled at a maximum stress of 
150 MPa is shown in Figure 6, 1. Transverse cracking.was first observed after
10.000 cycles, Cracks initiated at both edges of the coupon and grew slowly 
across the width of the transverse ply over thousands of cycles. None of the 
cracks initiated and propagated across the complete width of the ply between 
consecutive observations. The number of cracks at the edge per unit length 
of coupon increased with cycles and the average crack spacing consequently 
decreased, falling to 1.2 mm (which is approximately 1,5 times the transverse 
ply thickness) after 2 million cycles.
At a maximum stress of 285 MPa, the number of cracks increased rapidly 
from the first cycle (Figure 6.2) and in contrast to the 150 MPa stress 
level, crack growth across the width of the transverse ply was fast in the 
early stages, Up to 10,000 cycles, cracks initiated at the edge and spanned 
the complete width of the coupon between successive radiographs, i, e. within
2.000 cycles. Slow crack growth across the coupon width was first observed 
at 12,000 cycles when the average crack spacing had decreased to 
approximately 1, 5 mm. All additional cracks grew slowly across the width of 
the transverse ply. The crack density at the coupon edge increased with 
cycles and the spacing decreased, reaching a minimum of approximately 1 mm 
after 100,000 cycles (approximately 1.3 times the transverse ply thickness),
(0/902)s laminate
Crack development was followed from radiographs of coupons loaded at 
maximum cyclic stresses of 235 MPa, 360 MPa and 500 MPa, i. e. below and above 
the static transverse cracking stress of approximately 325 MPa,
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Under fatigue loading at a maximum stress of 235 MPa, cracks initiated at 
the edge and propagated across the width of the coupon entirely by slow 
growth over several thousands of cycles (Figure 6.3). The crack pattern 
consisted of a high density of cracks at the coupon edge which partially 
spanned the width of the coupon. The pattern of crack development at this 
stress level was similar to that of the CFRP (0/903)s laminate at a maximum 
stress of 150 MPa, which was also below the static cracking stress level.
At a maximum stress of 360 MPa, cracks initially grew rapidly across the 
full width of the coupon until the average crack spacing had decreased after 
several hundred cycles (Figure 6, 4), when slow crack growth occurred.
Although some cracks still grew rapidly at this stage, slow growth later 
became predominant as the crack spacing decreased further on continued 
cycling,
A similar crack pattern developed under fatigue loading at 500MPa 
(Figure 6.5), Cracks grew rapidly across the complete width of the coupon in 
the early stages of the test, reaching a very high density within a few 
hundred cycles, Cracks which initiated after 100-500 cycles grew slowly 
across the width of the coupon. Longitudinal ply cracking occurred by
300.000 cycles (Figure 6.5) close to the edge of the coupon and dispersed 
throughout the length of the coupon. The transverse crack spacing decreased 
rapidly with cycles and remained constant at approximately 0. 75 mm after
20.000 cycles, corresponding to 1.5 times the transverse ply thickness,
6.2.2 GFRP (0/90)s laminates
GFRP laminates with two different transverse ply thicknesses were tested, 
i, e, 2d=0, 52mm and 0. 78mm,
(0/9Q)s laminate, transverse ply thickness 0.52mm
Transverse crack development was observed in coupons loaded at maximum 
cyclic stresses of 95 MPa, 140 MPa and 170 MPa, i. e. below and just above the 
static transverse cracking stress of approximately 100 MPa. R ratios of 0.1 
and 0. 5 were used at each cyclic stress level. In general, the crack
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propagation behaviour of this GFRP laminate was very similar to the CFRP 
laminates described in Section 6.2.1.
Figure 6, 6 shows photographs of crack development at a maximum cyclic 
stress of 95 MPa with R=0. 1. This stress level was just below the static 
cracking stress of 100 MPa and is therefore comparable with the CFRP 
laminates (0/903>s loaded at 150 MPa and <0/902)s loaded at 235 MPa. Cracks 
initiated at the edge after several hundred cycles and grew slowly across the 
width of the coupon over thousands of cycles, The crack density increased 
with cycles and the crack spacing was reduced to approximately 2.5 times the 
transverse ply thickness after 25,000 cycles.
Crack growth at fatigue stresses 140 MPa and 170 MPa was initially fast, 
as in the CFRP laminates loaded at cyclic stresses above the static cracking 
stress. Figure 6. 7 shows photographs of crack development at the 170 MPa 
stress level. The crack density increased rapidly, reducing the crack 
spacing to between 3 and 5 times the transverse ply thickness when slow crack 
growth became predominant.
Although most transverse ply cracks were initiated at the free edges of 
the coupon during the early stages of fatigue loading, cracks also initiated 
within the coupon away from the edge after a number of cycles at most stress 
levels. Internally initiated cracks are indicated in Figures 6. 6 and 6. 7. 
Internal cracking occurred earlier at the lower R ratio at each stress level, 
Table 6. 3.
(0/90)s laminate, transverse ply thickness 0. 78 mm
Transverse crack growth measurements were made from photographs of 
coupons loaded at maximum cyclic stresses of 90 MPa and 120 MPa, where the 
static transverse cracking stress was approximately 100 MPa. The development 
of cracks at the 90 MPa stress level was similar to the 95 MPa stress level 
for the GFRP laminate with a transverse ply thickness of 0.52 mm. Some 
cracks grew by fast fracture during the early stages and as the crack density 
increased and the crack spacing decreased, cracks predominantly grew slowly. 
Crack development at the 120 MPa stress level was similar to cracking in the 
other laminates tested above the static cracking stress. The maximum crack
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d e n s i t i e s  a t t a i n e d  u n d e r  c y c l i c  l o a d i n g  i n  t h e s e  l a m i n a t e s  c o r r e s p o n d e d  t o  
a p p r o x i m a t e l y  2 -  2 .  5  t i m e s  t h e  t r a n s v e r s e  p l y  t h i c k n e s s ,
6 . 2 ,  3  S u m m a ry  o f  t r a n s v e r s e  p l y  c r a c k  d e v e l o p m e n t  i n  CFRP a n d  GFRP
l a m i n a t e s
T h e  d e v e l o p m e n t  o f  t r a n s v e r s e  c r a c k s  i n  CFRP a n d  GFRP 0 / 9 0 / 0  l a m i n a t e s  
d e p e n d e d  o n  t h e  c y c l i c  l o a d  l e v e l .  W hen  t h e  m a x im u m  s t r e s s  w a s  b e l o w  t h e  
s t a t i c  c r a c k i n g  s t r e s s ,  s l o w  c r a c k  g r o w t h  o c c u r r e d  t h r o u g h o u t  f a t i g u e  
l o a d i n g .  W hen  t h e  m a x im u m  s t r e s s  w a s  a b o v e  t h e  s t a t i c  c r a c k i n g  s t r e s s ,  t h e  
f i r s t  c r a c k s  g r e w  r a p i d l y  b u t  a s  t h e  c r a c k  s p a c i n g  d e c r e a s e d ,  s u b s e q u e n t  
c r a c k s  g r e w  m o r e  s l o w l y .  O b s e r v a t i o n  o f  t h e  c r a c k  d e n s i t y  a t  t h e  c o u p o n  e d g e  
d o e s  n o t  a l w a y s  r e f l e c t  t h e  t o t a l  d a m a g e  s t a t e  s i n c e  c r a c k s  m ay  n o t  a l w a y s  
s p a n  t h e  f u l l  w i d t h  o f  t h e  p l y .  T h i s  i s  e s p e c i a l l y  r e l e v a n t  f o r  c y c l i c  
l o a d i n g  a t  l o w  m a x im u m  s t r e s s e s  w h e r e  t h e r e  m ay  b e  a  h i g h  d e n s i t y  o f  c r a c k s  
a t  t h e  e d g e  w h i c h  s p a n  o n l y  a  s m a l l  p a r t  o f  t h e  l a m i n a t e  w i d t h ,  M o s t  c r a c k s  
i n i t i a t e  a t  t h e  f r e e  e d g e  o f  t h e  c o u p o n  b u t  i n t e r n a l  c r a c k  i n i t i a t i o n  h a s  
b e e n  o b s e r v e d  i n  t h e  GFRP l a m i n a t e s .  T h e  r a d i o g r a p h i c  t e c h n i q u e  u s e d  f o r  
CFRP l a m i n a t e s  w i l l  n o t  d e t e c t  c r a c k s  w h i c h  i n i t i a t e  w i t h i n  t h e  t r a n s v e r s e  
p l y  b u t  d o  n o t  e x t e n d  t o  t h e  e d g e .
6. 3  A N A L Y S IS  OF TRANSV ERSE P L Y  CRACK GROWTH
6. 3 .  1 I n t r o d u c t i o n
I n  t h i s  s e c t i o n ,  t h e  s l o w  g r o w t h  o f  c r a c k s  a c r o s s  t h e  w i d t h  o f  t h e  
t r a n s v e r s e  p l y  i s  q u a n t i f i e d  u s i n g  a  m o d e l  b a s e d  o n  a n  e x p r e s s i o n  f o r  t h e  
s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  t i p  o f  a  t r a n s v e r s e  c r a c k .  O f  t h e  a v a i l a b l e  
a n a l y s e s  f o r  q u a n t i f y i n g  t r a n s v e r s e  p l y  c r a c k  p r o p a g a t i o n  a n d  i n t e r a c t i o n  
u n d e r  f a t i g u e  l o a d i n g  ( a  r e v i e w  o f  c r a c k  g r o w t h  m o d e l s  i s  g i v e n  i n  
C h a p t e r  2 ) ,  t h e  m o d e l  p r o p o s e d  b y  O g i n  e t  a l  < 1 9 8 4 )  w a s  f o u n d  t o  b e  m o s t  
a p p l i c a b l e  t o  t h e  t y p e  o f  c r a c k  g r o w t h  o b s e r v e d  i n  t h e  p r e s e n t  s t u d y .
T h e  m o d e l  d e v e l o p e d  b y  O g i n  a n d  c o - w o r k e r s  w a s  f i r s t  a p p l i e d  t o  c r a c k  
g r o w t h  i n  a  c o m m e r c i a l  GFRP ( 0 / 9 0 ) s l a m i n a t e  < 1 9 8 4 ,  1 9 8 5 ) .  T h e  g r o w i n g  c r a c k
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i s  c o n s i d e r e d  t o  s p a n  t h e  f u l l  t h i c k n e s s  o f  t h e  t r a n s v e r s e  p l y  a n d  t h e n  t o  
g r o w  s l o w l y  a c r o s s  t h e  w i d t h  o f  t h e  p l y ,  w h i c h  i s  a p p r o p r i a t e  t o  t h e  t y p e  o f  
c r a c k  b e h a v i o u r  o b s e r v e d  i n  t h e  p r e s e n t  s t u d y .  An a p p r o x i m a t e  e x p r e s s i o n  i s  
d e r i v e d  f o r  t h e  s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  t i p  o f  t h e  t r a n s v e r s e  c r a c k ,  
w h i c h  i s  i n d e p e n d e n t  o f  c r a c k  l e n g t h  a n d  d e p e n d s  o n  c r a c k  s p a c i n g  t h r o u g h  t h e  
s t r e s s  w h i c h  a c t s  u p o n  t h e  c r a c k  t i p ,  T h i s  s t r e s s  i s  c a l c u l a t e d  b y  a  s h e a r  
l a g  a n a l y s i s .
T h e  r e l a t i o n s h i p  b e t w e e n  c r a c k  g r o w t h  r a t e  a n d  s t r e s s  i n t e n s i t y  f a c t o r  
w a s  i n v e s t i g a t e d  e x p e r i m e n t a l l y  b y  t h e  a u t h o r s  t h r o u g h  v a l u e s  i n f e r r e d  f r o m  
m e a s u r e m e n t s  o f  l a m i n a t e  s t i f f n e s s  r e d u c t i o n .  T h e  a v e r a g e  c r a c k  s p a c i n g  o f  
a n  a r r a y  o f  s h o r t ,  i n t e r n a l l y - i n i t i a t e d  c r a c k s  w a s  r e l a t e d  t o  t h e  r e d u c t i o n  
i n  l a m i n a t e  s t i f f n e s s  r e s u l t i n g  f r o m  m a t r i x  c r a c k i n g  i n  o r d e r  t o  i n f e r  t h e  
t o t a l  c r a c k  g r o w t h  r a t e .  T h e  s t r e s s  i n t e n s i t y  f a c t o r  o f  t h e  c r a c k s  g r o w i n g  
w i t h  a  g i v e n  a v e r a g e  s p a c i n g  w a s  c a l c u l a t e d  f r o m  t h e  m a c r o s c o p i c  l a m i n a t e  
s t i f f n e s s  r e d u c t i o n  r a t e  a n d  t h e  a p p l i e d  s t r e s s ,  A P a r i s  f a t i g u e  c r a c k  
g r o w t h  l a w  w a s  t h e n  u s e d  t o  r e l a t e  t h e  t o t a l  i n f e r r e d  c r a c k  g r o w t h  r a t e  t o  
t h e  s t r e s s  i n t e n s i t y  f a c t o r .  O n l y  l i m i t e d  o b s e r v a t i o n s  o f  i n d i v i d u a l  
t r a n s v e r s e  c r a c k s  w e r e  m ade. T h e  s a m e  t y p e  o f  a n a l y s i s  w a s  a p p l i e d  t o  
t r a n s v e r s e  p l y  c r a c k  g r o w t h  i n  CFRP ( 0 / 9 0 ) s  a n d  ( 0 / 9 0 2 ) s  l a m i n a t e s  b y  S m i t h
( 1 9 8 5 ) ,
T h e  a p p r o a c h  i s  s u b s t a n t i a l l y  d i f f e r e n t  i n  t h i s  w o r k  s i n c e  i t  w a s  
p o s s i b l e  t o  m e a s u r e  t h e  a c t u a l  c r a c k  g r o w t h  r a t e s  a n d  s p a c i n g s  o f  i n d i v i d u a l  
c r a c k s .  T h e  d e p e n d e n c e  o f  c r a c k  g r o w t h  r a t e  o n  s p a c i n g  c o u l d  t h e n  b e  
e x a m i n e d  a n d  t h e  a s s u m p t i o n s  o f  t h e  m o d e l  i n v e s t i g a t e d  i n  d e t a i l .
6 . 3 . 2  T h e  c r a c k  g r o w t h  m o d e l
T h e  s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  t i p  o f  a  g r o w i n g  t r a n s v e r s e  p l y  c r a c k  
i n  a  c r o s s - p l y  l a m i n a t e  i s  d e r i v e d  a s  f o l l o w s  ( O g i n  e t  a l  1 9 8 4 ) .  S e v e r a l  
a s s u m p t i o n s  a r e  m a d e  a b o u t  t h e  f o r m  o f  t h e  t r a n s v e r s e  p l y  c r a c k .  T h e  c r a c k  
i s  c o n s i d e r e d  t o  b e  f l a t  a n d  t o  e x t e n d  a c r o s s  t h e  t h i c k n e s s  b u t  n o t  a c r o s s  
t h e  w i d t h  o f  t h e  t r a n s v e r s e  p l y  a n d  t h e  c r a c k  f r o n t  i s  l i n e a r  ( F i g u r e  6 . 8 ) .  
L o a d  i s  t r a n s f e r r e d  f r o m  t h e  c r a c k e d  t r a n s v e r s e  p l y  i n t o  t h e  0 °  p l i e s  b y  
s h e a r  a t  t h e  0 / 9 0  i n t e r f a c e  a l o n g  t h e  l e n g t h  o f  t h e  c r a c k  a n d  t h e r e f o r e  d o e s  
n o t  b u i l d  u p  a t  t h e  c r a c k  t i p .  T h e  s t r e s s  i n t e n s i t y  a t  t h e  c r a c k  t i p  a r i s e s
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f r o m  t h e  l o c a l i s e d  s t r e s s  d i s t u r b a n c e ,  w h i c h  i s  a s s u m e d  t o  h a v e  a  
c h a r a c t e r i s t i c  l e n g t h  o f  a b o u t  h a l f  t h e  t r a n s v e r s e  p l y  t h i c k n e s s ,  i .  e .  t h e  
c h a r a c t e r i s t i c  l e n g t h  i s  d  w h e r e  t h e  t r a n s v e r s e  p l y  t h i c k n e s s  i s  2 d .  F o r  a n
a p p l i e d  s t r e s s ,  a ,  t h e  s t r e s s  i n t e n s i t y  f a c t o r  w i l l  b e  l e s s  t h a n  o V < 7 t d )
( w h e r e  f o r  a  t h r o u g h - t h i c k n e s s  c r a c k  o f  l e n g t h  2 a  i n  a n  i s o t r o p i c  m a t e r i a l  
K =  <rJ(na))  s i n c e  t h e  t r a n s v e r s e  p l y  c r a c k  i s  n o t  t h r o u g h - t h i c k n e s s  b u t  i s  
b o u n d e d  b y  t h e  0 *  p l i e s .  T h e  s t r e s s  i n t e n s i t y  f a c t o r  i s  t a k e n  t o  b e
K -  <j x A ( 2 d )  ( 6 .  1 )
w h e r e  a *  i s  t h e  s t r e s s  i n  t h e  t r a n s v e r s e  p l y  a c t i n g  o n  t h e  c r a c k  t i p ,
T h i s  s t r e s s ,  crt , c o n s i s t s  o f  a n  a p p l i e d  m e c h a n i c a l  a n d  r e s i d u a l  t h e r m a l  
c o n t r i b u t i o n ,  b o t h  m o d i f i e d  b y  a  s h e a r  l a g  t e r m .  T h e  s h e a r  l a g  e x p r e s s i o n  
u s e d  b y  O g i n  e t  a l  ( d u e  t o  S t e i f  1 9 8 4 )  a s s u m e s  a  p a r a b o l i c  v a r i a t i o n  o f  t h e  
l o n g i t u d i n a l  d i s p l a c e m e n t s  i n  t h e  t r a n s v e r s e  p l y .  T h e  l o n g i t u d i n a l  s t r e s s  i n  
t h e  t r a n s v e r s e  p l y  d u e  t o  t h e  a p p l i e d  m e c h a n i c a l  s t r e s s  o n l y  i s  g i v e n  b y
ct*  =  cra E 2
w h e r e  a *  i s  t h e  m a x im u m  a p p l i e d  l a m i n a t e  s t r e s s ,  E0  i s  t h e  l a m i n a t e  m o d u l u s ,  
E 2  i s  t h e  l o n g i t u d i n a l  m o d u l u s  o f  t h e  t r a n s v e r s e  p l y ,  X  i s  a  f u n c t i o n  o f  t h e  
l a m i n a t e  g e o m e t r y  a n d  m o d u l i ,  s  i s  h a l f  o f  t h e  c r a c k  s p a c i n g  2 s  a n d  y  i s  t h e  
d i s t a n c e  f r o m  a  p o i n t  m i d - w a y  b e t w e e n  t w o  c r a c k s  ( F i g u r e  6 . 8 ) .  T h e r e f o r e ,  
t h e  s t r e s s  i s  a  f u n c t i o n  o f  t h e  s p a c i n g  b e t w e e n  c r a c k s  i n  t h e  d i r e c t i o n  o f  
t h e  a p p l i e d  l o a d  a n d  d e c r e a s e s  a s  t h e  s p a c i n g  d e c r e a s e s .
I n  t h e  w o r k  o f  O g i n  e t  a l  ( 1 9 8 4 ) ,  t h e  a v e r a g e  g r o w t h  r a t e  o f  a  t y p i c a l  
c r a c k  i s  c o n s i d e r e d  a n d  r e l a t e d  t o  t h e  s t i f f n e s s  r e d u c t i o n  r a t e  o f  t h e  
l a m i n a t e .  T o  d o  t h i s ,  a n  a v e r a g e  s t r e s s  i n  t h e  t r a n s v e r s e  p l y  i s  c a l c u l a t e d  
b a s e d  o n  t h e  c u r r e n t  a v e r a g e  c r a c k  d e n s i t y .  T h e  g r o w t h  r a t e  o f  a n  i n d i v i d u a l  
c r a c k  i s  t h e r e f o r e  n o t  c o n s i d e r e d .  I n  t h i s  w o r k ,  a n  e x p r e s s i o n  f o r  t h e  
s t r e s s  i n t e n s i t y  f a c t o r  o f  a n  i n d i v i d u a l  c r a c k  i s  r e q u i r e d  w h i c h  i s  d e r i v e d  
a s  f o l l o w s .
T h e  s t r e s s  i n  t h e  t r a n s v e r s e  p l y  a c t i n g  o n  t h e  c r a c k  t i p  i s  t a k e n  t o  b e  
t h e  m a x im u m  v a l u e  o f  <j t , w h i c h  o c c u r s  m i d - w a y  b e t w e e n  t w o  c r a c k s  s p a c e d  2 s
c o s h  ( X y )  
c o s h ( X s )
(6. 2)
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a p a r t .  A t  t h i s  p o i n t ,  y  =  0  a n d  c o s h ( A y )  =  1. T h e n  f o r  a  c r a c k  s p a c i n g  o f  
2 s  u n d e r  a n  a p p l i e d  m e c h a n i c a l  s t r e s s ,  a a , a n d  a  r e s i d u a l  t h e r m a l  s t r e s s ,  
crt h , o-t  i s  g i v e n  b y
r  a* + o th I  r  _  1 l
| E 0 J [_ c o s h  ( A s )  J
( 6 .  3 )
T h e r m a l  s t r e s s e s  w e r e  c a l c u l a t e d  f o r  CFRP a n d  GFRP l a m i n a t e s  u s i n g  
l a m i n a t e d  p l a t e  a n a l y s i s  a n d  a r e  g i v e n  i n  T a b l e  6 . 2 .  A i s  a  f u n c t i o n  o f  
l a m i n a t e  g e o m e t r y  a n d  m o d u l i ,  i .  e .
A 2 =  3  G ( b + d )  E 0  ( 6  4 )
_ _ _ _ _ _
w h e r e  G i s  t h e  s h e a r  m o d u l u s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  o f  t h e  t r a n s v e r s e  
p l y ,  b i s  t h e  0 *  p l y  t h i c k n e s s  a n d  E n i s  t h e  l o n g i t u d i n a l  p l y  m o d u l u s .
C o m b i n i n g  e q u a t i o n s  ( 6 . 1 )  a n d  ( 6 . 3 ) ,  t h e  m a x im u m  s t r e s s  i n t e n s i t y  f a c t o r ,  
K . . * ,  i s  g i v e n  b y
[or. E2 + a*h] [ 1 1
L E 0  J L c o s h ( A s )  J
y < 2 d ) ( 6 .  5 )
a n d  t h e  s t r e s s  i n t e n s i t y  f a c t o r  r a n g e ,  A K , i s  g i v e n  b y
A K  = (o -max -  a mln ) Ez
Eo
1 _ 1
c o s h ( A s )  J
1 „  1 | / ( 2 d )  (6 .6 )
w h e r e  c max a n d  o-mir1 a r e  t h e  m a x im u m  a n d  m in im u m  a p p l i e d  l a m i n a t e  s t r e s s e s  
r e s p e c t i v e l y  ( n o t e  t h a t  b o t h  e x p r e s s i o n s  a r e  i n d e p e n d e n t  o f  c r a c k  l e n g t h ) .
T h e  c r a c k  g r o w t h  r a t e ,  d z / d N ,  c a n  b e  r e l a t e d  g e n e r a l l y  t o  t h e  s t r e s s  
i n t e n s i t y  f a c t o r ,  K, b y  a  f a t i g u e  c r a c k  g r o w t h  l a w  ( t h e  P a r i s  r e l a t i o n s h i p )  
w i t h  t h e  f o r m
d z / d N  =  f  (A K ,  Kmax) ( 6 . 7 )
T h i s  r e l a t i o n s h i p  h a s  b e e n  i n v e s t i g a t e d  q u a n t i t a t i v e l y  f o r  t h e  g r o w t h  o f  
i n d i v i d u a l  c r a c k s .
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6. 3. 3 Fatigue growth of individual transverse ply cracks
E q u a t i o n  6 , 5  s u g g e s t s  t h a t  t h e  s t r e s s  i n t e n s i t y  f a c t o r  f o r  a  g r o w i n g  
t r a n s v e r s e  p l y  c r a c k  i s  i n d e p e n d e n t  o f  c r a c k  l e n g t h  b u t  d e p e n d s  o n  t h e  c r a c k  
s p a c i n g  t h r o u g h  <jtf w h i c h  d e c r e a s e s  a s  t h e  c r a c k  s p a c i n g  d e c r e a s e s ,  T h i s  w a s  
i n v e s t i g a t e d  t h r o u g h  m e a s u r e m e n t s  o n  i n d i v i d u a l  t r a n s v e r s e  p l y  c r a c k s  g r o w i n g  
u n d e r  c y c l i c  l o a d i n g  i n  t h e  t e s t s  d e s c r i b e d  i n  S e c t i o n  6 .  2 .
T h e s e  m e a s u r e m e n t s  s h o w e d  t h a t  t h e  r a t e  o f  g r o w t h  a c r o s s  t h e  w i d t h  o f  t h e  
t r a n s v e r s e  p l y  d i d  d e p e n d  o n  t h e  s p a c i n g  b e t w e e n  t h e  g r o w i n g  c r a c k  t i p  a n d  
t h e  n e x t  n e a r e s t  c r a c k  a n d  w as  i n d e p e n d e n t  o f  c r a c k  l e n g t h .  T h i s  c a n  b e  
d e m o n s t r a t e d  f o r  i n d i v i d u a l  c r a c k s  b y  p l o t t i n g  c r a c k  l e n g t h  ( n o r m a l i s e d  w i t h  
r e s p e c t  t o  t h e  w i d t h  o f  t h e  c o u p o n )  a g a i n s t  t h e  n u m b e r  o f  c y c l e s .  T h e  s l o p e  
o f  t h e  l i n e  i s  t h e  c r a c k  g r o w t h  r a t e .  T h e  c r a c k  s p a c i n g  i s  i n d i c a t e d  o n  t h e  
g r a p h s  b o t h  i n i t i a l l y  a n d  a l s o  w h e n  i n t e r a c t i o n  w i t h  a n o t h e r  c r a c k  c h a n g e s  
t h e  s p a c i n g .
F i g u r e  6 . 9 ( b )  s h o w s  n o r m a l i s e d  c r a c k  l e n g t h  a g a i n s t  n u m b e r  o f  c y c l e s  f o r  
s e v e r a l  c r a c k s  i n  t h e  CFRP ( 0 / 9 0 3 ) s  l a m i n a t e  l o a d e d  a t  a  m a x im u m  c y c l i c  
s t r e s s  o f  1 5 0  MPa. T h e  c r a c k s  a r e  i n d i c a t e d  o n  t h e  X - r a d i o g r a p h  i n  
F i g u r e  6 . 9 ( a ) .  C r a c k  A g r e w  a c r o s s  t h e  f u l l  w i d t h  o f  t h e  c o u p o n  w i t h  a  
c o n s t a n t  s p a c i n g  a t  a n  a p p r o x i m a t e l y  c o n s t a n t  g r o w t h  r a t e .  I n i t i a l l y ,  c r a c k s  
C a n d  D b o t h  g r e w  a t  a  f a i r l y  c o n s t a n t  r a t e  w i t h  s p a c i n g s  o f  s e v e r a l  
m i l l i m e t r e s ,  I n t e r a c t i o n  w i t h  e a c h  o t h e r  a f t e r  1 0 0 , 0 0 0  c y c l e s  r e d u c e d  t h e i r  
s p a c i n g  t o  0 .  3  mm a n d  t h e  g r o w t h  r a t e s  o f  b o t h  c r a c k s  w e r e  s u b s t a n t i a l l y  
r e d u c e d .  C r a c k s  D a n d  E o v e r l a p  e a c h  o t h e r  i n  a  s i m i l a r  m a n n e r  b u t  a t  a  
s l i g h t l y  s m a l l e r  s p a c i n g  o f  0 . 2  mm, w h i c h  e f f e c t i v e l y  a r r e s t e d  c r a c k  g r o w t h .
N o r m a l i s e d  c r a c k  l e n g t h  a g a i n s t  n u m b e r  o f  c y c l e s  i s  a l s o  p l o t t e d  i n  
F i g u r e  6 .  10  f o r  t h e  i n d i v i d u a l  c r a c k s  i n  t h e  GFRP ( 0 / 9 0 ) s  c o u p o n  c y c l e d  a t  a  
m a x im u m  s t r e s s  o f  9 5  MPa w i t h  R = 0 .  1, i n d i c a t e d  i n  F i g u r e  6 , 6 ,  C r a c k  g r o w t h  
r a t e s  i n  t h e  GFRP l a m i n a t e  s h o w  a  s i m i l a r  d e p e n d e n c e  o n  c r a c k  s p a c i n g  a n d  
i n d e p e n d e n c e  o f  c r a c k  l e n g t h .  F o r  e x a m p l e ,  t h e  g r o w t h  r a t e  f o r  c r a c k s  D a n d  
B d e c r e a s e  s i g n i f i c a n t l y  d u e  t o  c r a c k  o v e r l a p  a n d  t h e  g r o w t h  o f  c r a c k  C w a s  
n e g l i g i b l e  w h e n  t h e  s p a c i n g  d e c r e a s e d  t o  0 , 1 2 5  mm. C r a c k  A g r e w  a t  a  
c o n s t a n t  r a t e  a c r o s s  t h e  f u l l  w i d t h  o f  t h e  c o u p o n  w i t h  a  c o n s t a n t  c r a c k  
s p a c i n g .
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F o r  e a c h  t e s t  o n  t h e  CFRP a n d  GFRP l a m i n a t e s ,  a n  a v e r a g e  v a l u e  o f  c r a c k  
g r o w t h  r a t e  w a s  f o u n d  f o r  e v e r y  c r a c k  s p a c i n g  w h i c h  h a d  o c c u r r e d  t h r o u g h o u t  
t h e  t e s t ,  T h e  n u m b e r  o f  i n d i v i d u a l  c r a c k  g r o w t h  m e a s u r e m e n t s  m ade  a t  e a c h  
s p a c i n g  a n d  t h e  s t a n d a r d  d e v i a t i o n  a r e  g i v e n  i n  T a b l e s  6 , 4  t o  6 . 6 .  T h e
a v e r a g e  c r a c k  g r o w t h  r a t e  i s  p l o t t e d  a g a i n s t  c r a c k  s p a c i n g  i n  F i g u r e s  6 .  11
a n d  6 .  12  f o r  t h e  CFRP l a m i n a t e s .  F o r  t h e  GFRP l a m i n a t e s ,  d a t a  a t  R =0 .  1 a n d  
R = 0 .  5  f o r  e a c h  c y c l i c  s t r e s s  l e v e l  a r e  s h o w n  i n  F i g u r e s  6 .  13  a n d  6,  1 4 .  I n  
g e n e r a l ,  t h e  c r a c k  g r o w t h  r a t e  i s  n e g l i g i b l e  a t  s p a c i n g s  b e l o w  a p p r o x i m a t e l y  
o n e  t o  t w o  t i m e s  t h e  t r a n s v e r s e  p l y  t h i c k n e s s  a n d  i n c r e a s e s  a t  l a r g e r  
s p a c i n g s  a t  a  r a t e  w h i c h  d e p e n d s  o n  t h e  s t r e s s  l e v e l ,
6 . 3 .  4  A p p l i c a t i o n  o f  t h e  P a r i s  r e l a t i o n
T h e  a v e r a g e  c r a c k  g r o w t h  r a t e  a t  e a c h  v a l u e  o f  c r a c k  s p a c i n g  w a s  r e l a t e d  
t o  b o t h  t h e  m a x im u m  s t r e s s  i n t e n s i t y  f a c t o r  ( e q u a t i o n  6 .  5 )  a n d  t h e  s t r e s s  
i n t e n s i t y  f a c t o r  r a n g e  ( e q u a t i o n  6 . 6 ) .  R e s u l t s  f r o m  e a c h  t e s t  a r e  p r e s e n t e d  
a s  l o g - l o g  p l o t s  o f  t h e  P a r i s  r e l a t i o n s h i p  ( e q u a t i o n  6 . 7 ) ,  s h o w n  i n  
F i g u r e  6 .  15  f o r  CFRP l a m i n a t e s  a n d  i n  F i g u r e  6 ,  1 6  f o r  t h e  GFRP l a m i n a t e s ,
I n  t h e  d a / d N - A K  p l o t  f o r  t h e  CFRP l a m i n a t e s ,  m o s t  o f  t h e  d a t a  l i e s  o n  a  
l i n e  w i t h  a  s l o p e  o f  a b o u t  m=6, H o w e v e r ,  t h e  d a t a  a t  v a l u e s  o f  A K  b e l o w  
0 . 2  MPasTm s e e m s  t o  l i e  o n  a  l i n e  w i t h  a  l o w e r  e x p o n e n t  o f  m «2. T h i s
s u g g e s t s  t h a t  a t  l o w e r  v a l u e s  o f  t h e  s t r e s s  r a n g e  ( A a )  o r  s m a l l e r  c r a c k
s p a c i n g s ,  t h e  c r a c k  g r o w t h  r a t e s  a r e  h i g h e r  t h a n  w o u l d  b e  e x p e c t e d .  I t  i s
n o t  c l e a r  w h y  t h i s  s h o u l d  b e  t h e  c a s e .  T h e  d a / d N - K r a a x  p l o t  h a s  a  s l o p e  o f
a p p r o x i m a t e l y  m=3 w i t h  s l i g h t l y  p o o r e r  c o r r e l a t i o n  b e t w e e n  t h e  t w o  s e t s  o f
d a t a  a n d  t h e  c h a n g e  i n  s l o p e  i s  l e s s  m a r k e d .
T h e  d a t a  f o r  b o t h  o f  t h e  GFRP l a m i n a t e s  ( F i g u r e  6 .  1 6 )  i s  r e a s o n a b l y  w e l l  
d e s c r i b e d  b y  t h e  d a / d N - A K  p l o t  w i t h  a  s l o p e  o f  a p p r o x i m a t e l y  m=2. 4. T h e  
s c a t t e r  i n  t h e  d a / d N - K m a x  p l o t  i s  l a r g e r  a n d  t h e  t w o  s e t s  o f  d a t a  a r e  f u r t h e r  
s e p a r a t e d .
I n  g e n e r a l ,  a l t h o u g h  t h e  s c a t t e r  i s  l a r g e ,  c r a c k  g r o w t h  r a t e s  i n  b o t h  t h e  
CFRP a n d  GFRP l a m i n a t e s  a r e  m o r e  c l o s e l y  d e s c r i b e d  a s  a  f u n c t i o n  o f  AK  t h a n  
o f  Km ax, i . e .  b y  t h e  f o r m  o f  t h e  P a r i s  r e l a t i o n :
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da/dN = A AKm (6. 8)
6 , 3 ,  5 N u m b e r  o f  g r o w i n g  c r a c k s
T h e  r a t e  o f  a c c u m u l a t i o n  o f  d a m a g e  i n  t h e  l a m i n a t e s  i s  n o t  o n l y  
d e t e r m i n e d  b y  t h e  c r a c k  g r o w t h  r a t e  b u t  a l s o  b y  t h e  n u m b e r  o f  g r o w i n g  c r a c k s ,  
A c c o r d i n g l y ,  t h e  n u m b e r  o f  g r o w i n g  c r a c k  t i p s  d u r i n g  e a c h  t e s t  w a s  c o u n t e d  
o v e r  a  c o u p o n  l e n g t h  o f  a p p r o x i m a t e l y  6 5  mm. T h e  n u m b e r  o f  c r a c k s  i n i t i a l l y  
i n c r e a s e s  a n d  t h e n  r e a c h e s  a  f a i r l y  c o n s t a n t  v a l u e  f o r  m a n y  t h o u s a n d s  o f  
c y c l e s .  T h e  r a t e  o f  t h e  i n i t i a l  i n c r e a s e  a n d  t h e  c o n s t a n t  v a l u e  a t t a i n e d  
d e p e n d s  o n  t h e  s t r e s s  l e v e l ,  w i t h  l o w e r  s t r e s s  l e v e l s  g i v i n g  t h e  h i g h e r  
n u m b e r  o f  g r o w i n g  c r a c k s .  T h e  n u m b e r  o f  a c t i v e  c r a c k s  i s  p l o t t e d  a g a i n s t  
c y c l e s  f o r  CFRP ( 0 / 9 0 3 ) s  t e s t s  a t  1 5 0  MPa a n d  2 8 5  MPa i n  F i g u r e  6 .  17 .  A t  
1 5 0  MPa, t h e  n u m b e r  o f  c r a c k s  i n c r e a s e s  o v e r  t h e  f i r s t  2 0 0 , 0 0 0  c y c l e s  t o  a  
f a i r l y  c o n s t a n t  v a l u e  o f  a r o u n d  4 0 .  A t  2 8 5  MPa, s l o w  c r a c k  g r o w t h  d o e s  n o t  
b e g i n  u n t i l  t h e  c r a c k  s p a c i n g  i s  s m a l l ,  a f t e r  t h e  e a r l y  d e v e l o p m e n t  o f  a  h i g h  
d e n s i t y  o f  f u l l - w i d t h  c r a c k s  w h i c h  g r o w  b y  f a s t  f r a c t u r e .  C r a c k s  b e g i n  t o  
g r o w  s l o w l y  o n l y  a f t e r  s e v e r a l  t h o u s a n d  c y c l e s  a n d  i n c r e a s e  i n  n u m b e r  r a p i d l y  
t o  a  c o n s t a n t  v a l u e  o f  a b o u t  2 2  b y  5 0 , 0 0 0  c y c l e s .
F i g u r e  6 .  1 8  i s  a  s i m i l a r  p l o t  f o r  t h e  GFRP < 0 / 9 0 ) s l a m i n a t e  w i t h  a  
t r a n s v e r s e  p l y  t h i c k n e s s  o f  0 . 5 2  mm, t e s t e d  a t  d i f f e r e n t  s t r e s s  l e v e l s  w i t h  
R = 0 .  1. A t  a l l  s t r e s s  l e v e l s ,  t h e  n u m b e r  o f  g r o w i n g  c r a c k s  r e a c h e d  a  r o u g h l y  
c o n s t a n t  v a l u e  a f t e r  s e v e r a l  t h o u s a n d  c y c l e s .  T h e  c o n s t a n t  n u m b e r  o f  g r o w i n g  
c r a c k s  w a s  r o u g h l y  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c y c l i c  s t r e s s ,
6 . 3 .  6  S u m m a ry
T r a n s v e r s e  p l y  c r a c k  g r o w t h  r a t e  w a s  f o u n d  t o  b e  i n d e p e n d e n t  o f  c r a c k  
l e n g t h  b u t  d e p e n d e d  o n  t h e  c r a c k  s p a c i n g  i n  b o t h  t h e  CFRP a n d  GFRP l a m i n a t e s .  
T h e  g r o w t h  r a t e  o f  i n d i v i d u a l  c r a c k s  w a s  s t r o n g l y  i n f l u e n c e d  b y  i n t e r a c t i o n s  
w i t h  n e i g h b o u r i n g  c r a c k s .  T h e  n u m b e r  o f  g r o w i n g  c r a c k  t i p s  i n  a  c o u p o n  
d e p e n d e d  o n  t h e  s t r e s s  l e v e l  a n d  r e m a i n e d  a p p r o x i m a t e l y  c o n s t a n t  o v e r  m o s t  o f  
t h e  p e r i o d  o f  c y c l i c  l o a d i n g ,  A P a r i s  p o w e r  l a w  r e l a t i o n  o f  t h e  f o r m
with the exponent m=2. 4 for GFRP and m about 6 for most of the CFRP data.
88
d a / d N  =  A AKm d e s c r i b e s  t h e  g r o w t h  o f  t r a n s v e r s e  p l y  c r a c k s  i n  CFRP a n d  GFRP  
l a m i n a t e s .
6 . 4  D E T A IL E D  O B S E R V A T IO N S  OF TR ANSVERSE P L Y  CRACKS
6 . 4 .  1 I n t r o d u c t i o n
T h e  d e t a i l e d  m o r p h o l o g y  o f  c r a c k s  w a s  e x a m i n e d  i n  t h e  GFRP a n d  CFRP  
l a m i n a t e s  t o  i n v e s t i g a t e  t h e  v a l i d i t y  o f  t h e  a s s u m p t i o n s  a b o u t  t h e  f o r m  o f  
t h e  c r a c k  u s e d  i n  t h e  c r a c k  g r o w t h  m o d e l  i n  t h e  p r e v i o u s  s e c t i o n .
O b s e r v a t i o n s  w e r e  m a d e  o n  t h e  i n i t i a t i o n  s t a g e  o f  c r a c k i n g  a n d  on  
i n t e r a c t i o n s  b e t w e e n  c r a c k s .  T h e  s t r e s s  d i s t u r b a n c e  a t  t h e  t i p  o f  g r o w i n g  
c r a c k s  w a s  o b s e r v e d  d u r i n g  f a t i g u e  l o a d i n g  u n d e r  p o l a r i s e d  i l l u m i n a t i o n .
6 . 4 ,  2  C r a c k  m o r p h o l o g y
T h e  c r a c k  p l a n e  i s  m a d e  u p  o f  c r a c k i n g  p a r a l l e l  t o  t h e  l e n g t h  o f  
i n d i v i d u a l  f i b r e s  i n  t h e  t r a n s v e r s e  p l y  a c r o s s  t h e  w i d t h  o f  t h e  p l y  w h i c h  i s  
e a s i l y  o b s e r v e d  i n  t h e  t r a n s p a r e n t  GFRP l a m i n a t e s .  T h e  m o r p h o l o g y  o f  t h e  
c r a c k  p l a n e  i s  s e e n  i n  F i g u r e  6 .  1 9 ( b )  w h i c h  s h o w s  a n  i n t e r n a l l y - i n i t i a t e d  
t r a n s v e r s e  p l y  c r a c k .  T h e  c r a c k  p l a n e  g e n e r a l l y  p r o p a g a t e s  n o r m a l  t o  t h e  0 °  
f i b r e  d i r e c t i o n  e x c e p t  i n  t h e  c a s e  o f  a n g l e d  e d g e  c r a c k s  a n d  c r a c k s  w h i c h  
h a v e  t w i s t e d  a s  t h e y  h a v e  g r o w n ,  f o r  e x a m p l e ,  t h e  c r a c k  i n d i c a t e d  (► ) i n  
F i g u r e  6 .  1 9 ( a ) .  S i m i l a r  c r a c k  f e a t u r e s  a r e  o b s e r v e d  i n  r a d i o g r a p h s  o f  CFRP  
l a m i n a t e s ,  F i g u r e s  6 . 2 0 ( a )  a n d  ( b )  s h o w  X - r a d i o g r a p h s  o f  CFRP ( 0 / 9 0 3 ) s 
c o u p o n s  l o a d e d  a t  m a x im u m  c y c l i c  s t r e s s e s  o f  1 5 0  MPa a n d  2 8 5  MPa w h e r e  
s e v e r a l  c r a c k  f e a t u r e s  a r e  i n d i c a t e d ,  f o r  e x a m p l e ,  a n g l e d  e d g e  c r a c k s ,  a n g l e d  
c r a c k  p l a n e  a n d  c r a c k  t i p  b r a n c h i n g .
U n d e r  f a t i g u e  l o a d i n g  c o n d i t i o n s ,  a n g l e d  e d g e  c r a c k s  d e v e l o p e d  i n  GFRP  
l a m i n a t e s .  C r a c k  C, i n d i c a t e d  i n  F i g u r e  6 . 2 1 ,  i s  a n  a n g l e d  c r a c k  w h i c h  h a s  
i n i t i a t e d  c l o s e  t o  a  n o r m a l  t r a n s v e r s e  c r a c k  a n d  d o e s  n o t  g r o w  t o  a n y  g r e a t  
e x t e n t  o v e r  t h e  p e r i o d  s h o w n  h e r e .  C r a c k  B i s  a  n o r m a l  c r a c k  w h i c h  i n i t i a t e s  
a t  a  s i m i l a r  s p a c i n g  t o  c r a c k  C b u t  g r o w s  s i g n i f i c a n t l y  o v e r  t h e  s a m e  p e r i o d .
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A n g l e d  e d g e  c r a c k s  i n  CFRP l a m i n a t e s  a l s o  g r o w  m o r e  s l o w l y  t h a n  n o r m a l  c r a c k s  
w i t h  a n  e q u i v a l e n t  s p a c i n g .
T h e  a s s u m p t i o n  m a d e  i n  t h e  c r a c k  g r o w t h  a n a l y s i s  t h a t  t h e  g r o w i n g  c r a c k  
s p a n s  t h e  f u l l  t h i c k n e s s  o f  t h e  t r a n s v e r s e  p l y  a l o n g  t h e  c o m p l e t e  c r a c k  
l e n g t h  i s ,  o n  t h e  w h o l e ,  v a l i d ,  A g a i n ,  e x c e p t i o n s  t o  t h i s  a r e  a n g l e d  e d g e
c r a c k s  a n d  n o r m a l  c r a c k s  w h i c h  a p p e a r  t o  r e q u i r e  a n  i n c u b a t i o n  p e r i o d  o f  u p
t o  a  f e w  t h o u s a n d  c y c l e s  w h e n  t h e y  a r e  c o n f i n e d  c l o s e  t o  t h e  e d g e  o f  t h e  
c o u p o n  a n d  m u s t  s p a n  t h e  p l y  t h i c k n e s s  b e f o r e  b e g i n n i n g  t o  g r o w  a c r o s s  t h e  
w i d t h .  T h e  l a t t e r  c a s e  i s  d i s c u s s e d  i n  S e c t i o n  6 . 4 . 3 ,
O b s e r v a t i o n s  o f  t h e  s h a p e  o f  g r o w i n g  c r a c k  t i p s  i n d i c a t e  t h a t  t h e  c r a c k  
f r o n t  c a n  b e  s t r a i g h t  ( F i g u r e  6 .  1 9 c )  o r  i r r e g u l a r  ( F i g u r e  6 . 1 9 a ) .  T h e  c r a c k  
g r o w t h  m o d e l  a s s u m e s  t h a t  t h e  c r a c k  t i p  i s  s t r a i g h t  b u t  t h e  s h a p e  o f  
i n d i v i d u a l  c r a c k  t i p s  i s  v e r y  v a r i a b l e  a n d  may c h a n g e  a s  t h e  c r a c k  g r o w s .
I f  a  c r a c k  t i p  b r a n c h e s ,  t h e  g r o w t h  r a t e  o f  b o t h  b r a n c h e s  i s  r e d u c e d  
u n t i l  o n e  p a r t  o f  t h e  d i v i d e d  c r a c k  t i p  g r o w s  b e y o n d  t h e  b r a n c h i n g  p o i n t ,  f o r  
e x a m p l e ,  t h e  c r a c k  i n d i c a t e d  #  i n  F i g u r e  6 .  2 2 .  T h e  t a b l e  b e l o w  s h o w s  t h e
c r a c k  g r o w t h  r a t e  b e f o r e  a n d  a f t e r  t h i s  c r a c k  t i p  b r a n c h e s .
NUMBER 
OF CYCLES
NORMALISED 
CRACK LENGTH
GROWTH RATE (crack  spacing = 6 mm) 
( x ! 0 “ 3 mm/cycle)
5 0 0 0 0 .  6 3 7 ,  1
6 0 0 0 0 .  7 4 2 .  3  *  crack growth r a t e  decreases
7 0 0 0 0 , 8 8 2 .  7 a f t e r  the t i p  branches
8 0 0 0 0 ,  9 6 1. 7
C h a n g e s  i n  o r i e n t a t i o n  o f  t h e  c r a c k  p l a n e  a n d  c r a c k  t i p  m o r p h o l o g y  a r e  
p r o b a b l y  c a u s e d  b y  t w i s t s  i n  t h e  f i b r e  t o w  f r o m  w i n d i n g  d u r i n g  f a b r i c a t i o n  
a n d  b y  l o c a l  v a r i a t i o n s  i n  f i b r e  d i s t r i b u t i o n .  S u c h  a  v a r i a t i o n  i n  f i b r e  
d i s t r i b u t i o n  w a s  s e e n  i n  t h e  c a s e  o f  t h e  CFRP ( 0 / 9 0 3 ) s l a m i n a t e  f r o m  w h i c h  
t h e  s u r f a c e  0 *  p l y  w a s  p o l i s h e d  a w a y  ( F i g u r e  6 . 2 3 ) ,  T h e  t r a n s v e r s e  c r a c k  
p a t h  l i e s  p a r a l l e l  t o  t h e  f i b r e  d i r e c t i o n  i n  a  r e g i o n  w h e r e  t h e  f i b r e s  a r e  
c l o s e l y  s p a c e d  a n d  w e l l  a l i g n e d .  ( N o t e  t h a t  t h e  f i b r e s  a r e  c o n t i n u o u s  
a l t h o u g h  t h e y  a p p e a r  t o  b e  d i s c o n t i n u o u s  d u e  t o  t h e  o r i e n t a t i o n  o f  t h e  
s e c t i o n  t h r o u g h  t h e  c o m p o s i t e ) .  A b o v e  t h i s  r e g i o n ,  t h e  f i b r e s  a r e  l e s s  w e l l
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a l i g n e d  a n d  t h e  l o c a l  f i b r e  v o l u m e  f r a c t i o n  i s  l o w e r .  S i m i l a r  r e g i o n s  a r e  
l i k e l y  t o  b e  p r e s e n t  i n  t h e  GFRP l a m i n a t e s ,  i n  w h i c h  i t  i s  i n e v i t a b l e  t h a t  
t w i s t s  h a v e  b e e n  i n t r o d u c e d  i n t o  t h e  f i b r e  t o w s  d u r i n g  f a b r i c a t i o n .  T h i s  
t y p e  o f  v a r i a t i o n  i n  f i b r e  d i s t r i b u t i o n  w i l l  c o n t r i b u t e  t o  b r a n c h i n g  o f  c r a c k  
t i p s ,
6 . 4 , 3  C r a c k  i n i t i a t i o n
C r a c k s  a r e  e n t i r e l y  f r e e  e d g e - i n i t i a t e d  d u r i n g  t h e  e a r l y  s t a g e s  o f  t h e  
f a t i g u e  t e s t s  a t  a l l  s t r e s s  l e v e l s  i n  CFRP a n d  GFRP l a m i n a t e s .  W hen t h e  
c r a c k  d e n s i t y  i n c r e a s e s  ( i . e .  a t  h i g h e r  s t r e s s  l e v e l s ,  a n d  l a t e r  i n  e a c h  t e s t )  
c r a c k s  a r e  s e e n  t o  i n i t i a t e  a w a y  f r o m  t h e  e d g e  i n  GFRP l a m i n a t e s  ( T a b l e  6 . 3 ) ,  
I n - s i t u  s t e r e o - m i c r o s c o p y  i n d i c a t e d  t h a t  t h e s e  c r a c k s  t e n d e d  t o  f o r m  
p r e f e r e n t i a l l y  a t  t h e  0 / 9 0  p l y  i n t e r f a c e ,  r a t h e r  t h a n  e n t i r e l y  w i t h i n  t h e  9 0 *  
p l y .
T h e  i d e a l i s e d  f o r m  o f  t h e  t r a n s v e r s e  c r a c k  u s e d  i n  t h e  c r a c k  g r o w t h  m o d e l  
a s s u m e s  t h a t  t h e  c r a c k  s p a n s  t h e  c o m p l e t e  t h i c k n e s s  o f  t h e  p l y .  Some c r a c k s ,  
h o w e v e r ,  r e q u i r e  a  p e r i o d  o f  i n c u b a t i o n  a t  t h e  c o u p o n  e d g e  f o r  h u n d r e d s  o r  
t h o u s a n d s  o f  c y c l e s .  D u r i n g  t h i s  p e r i o d ,  t h e y  a p p e a r  f a i n t e r  i n  t h e  
p h o t o g r a p h  t h a n  f u l l y  d e v e l o p e d  c r a c k s  s i n c e  t h e y  d o  n o t  s p a n  t h e  p l y  
t h i c k n e s s .  T h e y  d o  n o t  g r o w  s i g n i f i c a n t l y  a c r o s s  t h e  w i d t h  o f  t h e  p l y  u n t i l  
t h e y  h a v e  g r o w n  a c r o s s  t h e  f u l l  p l y  t h i c k n e s s ,  A t  t h i s  p o i n t ,  t h e y  a p p e a r  
d a r k e r  o n  t h e  p h o t o g r a p h s  a n d  t h e  c r a c k  t h e n  g r o w s  a s  a  r e g u l a r  t r a n s v e r s e  
c r a c k .
T h e  d e v e l o p m e n t  o f  a n  i n d i v i d u a l  t r a n s v e r s e  c r a c k  w h i c h  b e h a v e s  i n  t h i s  
w a y  i s  s h o w n  i n  t h e  s e r i e s  o f  p h o t o g r a p h s  i n  F i g u r e  6 . 2 4 ( a )  a n d  t h e  l e n g t h  o f  
t h e  c r a c k  i s  p l o t t e d  a g a i n s t  n u m b e r  o f  c y c l e s  i n  F i g u r e  6 . 2 4 ( b ) .  B e t w e e n
7 , 0 0 0  a n d  1 2 , 0 0 0  c y c l e s ,  t h e  c r a c k  r e m a i n s  c o n f i n e d  c l o s e  t o  t h e  c o u p o n  e d g e  
a n d  a p p e a r s  f a i n t  c o m p a r e d  t o  t h e  l o n g e r  c r a c k s ,  f o r  e x a m p l e  i n  t h e  
p h o t o g r a p h  a t  8 , 0 0 0  c y c l e s  ( F i g u r e  6 , 2 4 a ) .  T h e  g r o w t h  r a t e  i s  n e g l i g i b l e  
u n t i l  a p p r o x i m a t e l y  1 4 , 0 0 0  c y c l e s  w h e n  t h e  c r a c k  l e n g t h  e x c e e d s  t h e  
e q u i v a l e n t  o f  a b o u t  o n e  t r a n s v e r s e  p l y  t h i c k n e s s  a n d  a p p e a r s  d a r k e r  i n  t h e  
p h o t o g r a p h .  T h e  g r o w t h  r a t e  t h e n  i n c r e a s e s  c o n s i d e r a b l y  a n d  t h e  c r a c k  g r o w s  
a c r o s s  t h e  p l y  a t  a  f a i r l y  c o n s t a n t  r a t e  o f  a b o u t  0 .  7  x  1 0 - 3  m m / c y c l e .
91
A s i m i l a r  i n c u b a t i o n  p e r i o d  i s  r e q u i r e d  b y  i n t e r n a l l y - i n i t i a t e d  c r a c k s  
w h i c h  o n l y  g r o w  a  s h o r t  d i s t a n c e  a c r o s s  t h e  w i d t h  o f  t h e  p l y  u n t i l  t h e y  h a v e  
s p a n n e d  t h e  p l y  t h i c k n e s s .  F o r  e x a m p l e ,  g r o w t h  r a t e s  f o r  t h e  i n t e r n a l  c r a c k  
i n d i c a t e d  i n  F i g u r e  6 ,  2 5  i n c r e a s e  a s  t h e  c r a c k  s p a n s  t h e  p l y  t h i c k n e s s ,  
a p p e a r i n g  d a r k e r  i n  t h e  p h o t o g r a p h :
NUMBER 
OF CYCLES
CRACK GROWTH RATE (x lO ~ 3 m m / c y c l e )  
l e f t  t i p  r i g h t  t i p
NOTES
2 0 1 0 0 - 2 5 1 0 0 0 .  0 5 6 0 ,  0 5 6 crack appears f a i n t
2 8 1 0 0 - 3 2 1 0 0 0 .  0 3 5 0 . 10 crack appears f a i n t
3 2 1 0 0 - 4 2 1 0 0 0 . 0 2 8 0 . 0 2 8 darker  in  p a r t
4 2 1 0 0 - 5 0 1 0 0 0 ,  0 5 0 0 . 0 1 8 dark a long whole leng th ,
5 0 1 0 0 - 5 1 1 0 0 0 . 5 5 0 0 crack spans p ly  th ickn ess
F l a w s  w e r e  p r e s e n t  i n  t h e  t r a n s v e r s e  p l y  o f  t h e  c o u p o n  i n  F i g u r e s  6 .  2 2  
a n d  6 . 2 4 ( a )  b e f o r e  t e s t i n g .  E x a m i n a t i o n  o f  t h e  c o u p o n  i n  t h e  m i c r o s c o p e  
p r i o r  t o  t e s t i n g  r e v e a l e d  d a r k  l i n e s  w i t h i n  t h e  p l y ,  t y p i c a l l y  1 - 4  mm i n  
l e n g t h  a n d  l e s s  t h a n  0 ,  5  mm i n  e x t e n t  t h r o u g h  t h e  t h i c k n e s s .  T h e s e  f l a w s  
w e r e  p r e s e n t  i n  t h e  a r e a  a r o u n d  t h e  m i d d l e  o f  t h e  c o u p o n  g a u g e  l e n g t h ,  w h i c h  
i s  i n c l u d e d  i n  F i g u r e  6 .  2 2  a n d  i s  i n d i c a t e d  a t  t h e  t o p  o f  t h e  c o u p o n  i n  
F i g u r e  6 . 2 4 ( a ) ,  T h e  f i r s t  f u l l  w i d t h  c r a c k  i n  t h e  c o u p o n  o c c u r r e d  w i t h i n  
t h i s  a r e a  w i t h i n  a  f e w  t e n s  o f  c y c l e s  a n d  so m e o f  t h e  p r e - e x i s t i n g  f l a w s  
d e v e l o p e d  i n t o  i n t e r n a l  c r a c k s  e a r l i e r  t h a n  i n  a n o t h e r  c o u p o n  t e s t e d  u n d e r  
t h e  s a m e  c o n d i t i o n s  b u t  w i t h o u t  v i s i b l e  f l a w s .  A l t h o u g h  m o s t  o f  t h e  f l a w s  
w e r e  l o c a t e d  a w a y  f r o m  t h e  c o u p o n  e d g e ,  e d g e  c r a c k i n g  w a s  s t i l l  t h e  
p r e d o m i n a n t  m o de o f  c r a c k i n g  u n t i l  t h e  c r a c k  s p a c i n g  h a d  d e c r e a s e d  
c o n s i d e r a b l y .  T h e  f l a w s  t h e n  g r e w  i n  l e n g t h  a n d  b e c a m e  b e t t e r  d e f i n e d  i n  t h e  
p h o t o s  w h i c h  i n d i c a t e s  t h a t  t h e y  h a d  a l s o  g r o w n  a c r o s s  t h e  t h i c k n e s s  o f  t h e  
p l y ,  C r a c k s  g r o w i n g  i n t o  t h i s  f a u l t e d  r e g i o n  f r o m  t h e  e d g e  t e n d e d  t o  b r a n c h ,  
f o r  e x a m p l e ,  t h e  c r a c k  i n d i c a t e d  i n  F i g u r e  6 . 2 2 .
6 . 4 .  4  I n - s i t u  o b s e r v a t i o n  o f  g r o w i n g  c r a c k s  i n  GFRP l a m i n a t e s
T h e  s t r e s s  d i s t r i b u t i o n  a t  t h e  t i p s  o f  g r o w i n g  t r a n s v e r s e  c r a c k s  w a s  
o b s e r v e d  i n  GFRP c o u p o n s  u n d e r  l o a d  u s i n g  p o l a r i s e d  l i g h t .  A p o l a r i s i n g  
f i l t e r  a t t a c h e d  t o  t h e  p h o t o m i c r o s c o p e  a c t e d  a s  a n  a n a l y s e r  f o r  t h e  
t r a n s m i t t e d  p o l a r i s e d  l i g h t  u s e d  t o  i l l u m i n a t e  t h e  c o u p o n .  T h e  p h o t o g r a p h s
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i n  F i g u r e s  6 . 2 6 ,  6 .  2 7  a n d  6 .  2 8  w e r e  t a k e n  w i t h  t h e  c o u p o n  h e l d  a t  t h e  m ean  
c y c l i c  l o a d .  T h e  p h o t o e l a s t i c  b e h a v i o u r  o f  c o m p o s i t e s  i s  c o m p l e x  d u e  t o  
t h e i r  h e t e r o g e n e i t y  a n d  a n i s o t r o p y  b u t  t h e s e  o b s e r v a t i o n s  g a v e  a  q u a l i t a t i v e  
i n d i c a t i o n  o f  t h e  e x t e n t  o f  t h e  s t r e s s  d i s t u r b a n c e  i n  t h e  f o r m  o f  b r i g h t  
l o b e s  a r o u n d  t h e  c r a c k  t i p .
F i g u r e  6 .  2 6  s h o w s  a  s e r i e s  o f  p o l a r i s e d  l i g h t  p h o t o g r a p h s  s h o w i n g  a  
t r a n s v e r s e  p l y  c r a c k  g r o w i n g  u n d e r  f a t i g u e  l o a d i n g  f r o m  t h e  e d g e  o f  a  < 0 / 9 0 ) s  
c o u p o n .  T h e  s t r e s s  p a t t e r n  e x t e n d s  a p p r o x i m a t e l y  1. 5  mm ( a b o u t  t w i c e  t h e  
t r a n s v e r s e  p l y  t h i c k n e s s  o f  0 . 7 8  mm) r a d i a l l y  f r o m  t h e  c r a c k  t i p  a n d  r e m a i n s  
c o n s t a n t  a s  t h e  c r a c k  i n c r e a s e s  i n  l e n g t h .  F o r  e x a m p l e ,  t h e  c r a c k  l e n g t h  
d o u b l e s  b e t w e e n  4 3 0  c y c l e s  a n d  2 ,  1 6 0  c y c l e s  b u t  t h e  e x t e n t  o f  t h e  c r a c k  t i p  
z o n e  i s  u n c h a n g e d .  T h i s  s u g g e s t s  t h a t  c r a c k s  w i l l  b e g i n  t o  i n t e r a c t  w h e n  
t h e y  a r e  s p a c e d  a p p r o x i m a t e l y  t w o  t r a n s v e r s e  p l y  t h i c k n e s s e s  a p a r t .
T h e  p h o t o g r a p h s  i n  F i g u r e  6 ,  2 7  s h o w  t w o  t r a n s v e r s e  p l y  c r a c k s  g r o w i n g  
t o w a r d s  e a c h  o t h e r  f r o m  o p p o s i t e  e d g e s  o f  t h e  c o u p o n  u n d e r  f a t i g u e  l o a d i n g .  
T h e  e x t e n t  o f  t h e  s t r e s s  i n t e n s e  z o n e  a r o u n d  e a c h  c r a c k  t i p  r e m a i n s  c o n s t a n t  
a s  t h e  c r a c k s  g r o w  u n t i l  t h e y  o v e r l a p  a t  3 , 2 5 0  c y c l e s .  T h e  p h o t o e l a s t i c  
l o b e s  a r e  t h e n  t r u n c a t e d  w h e r e  t h e  c r a c k s  o v e r l a p  d u e  t o  s t r e s s  s h i e l d i n g ,  a s  
n o  l o a d  i s  t r a n s f e r r e d  a c r o s s  t h e  c r a c k  p l a n e .  T h e  v e r t i c a l  s p a c i n g  b e t w e e n  
t h e  c r a c k s  i s  r e d u c e d  t o  a b o u t  0 .  2  mm a n d  c r a c k  g r o w t h  i s  e f f e c t i v e l y  
a r r e s t e d .
T h e  p h o t o e l a s t i c  d i s t u r b a n c e  a t  t h e  t i p  o f  a  t h r o u g h - t h i c k n e s s  f a t i g u e  
c r a c k  g r o w i n g  p a r a l l e l  t o  t h e  f i b r e s  i n  a n  u n c o n s t r a i n e d  t r a n s v e r s e  p l y  w a s  
a l s o  i n v e s t i g a t e d  f o r  c o m p a r i s o n  ( F i g u r e  6 . 2 8 ) .  A n o t c h  w a s  m ade  a t  t h e  e d g e  
o f  a  1 mm t h i c k  u n i d i r e c t i o n a l  GFRP c o u p o n  a n d  t h e  c r a c k  w a s  s h a r p e n e d  w i t h  a  
s c a l p e l  b l a d e .  A m a x im u m  c y c l i c  s t r e s s  o f  15 .  6  MPa ( a p p r o x i m a t e l y  25%  o f  t h e  
l a m i n a t e  s t r e n g t h )  w a s  a p p l i e d  p e r p e n d i c u l a r  t o  t h e  f i b r e  d i r e c t i o n .  I n  
c o n t r a s t  t o  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  c r o s s - p l y  l a m i n a t e s  ( F i g u r e s  6 . 2 6  
a n d  6 . 2 7 ) ,  t h e  s t r e s s  i n t e n s e  z o n e  a t  t h e  t i p  o f  t h e  t h r o u g h - t h i c k n e s s  c r a c k  
i n c r e a s e s  i n  s i z e  w i t h  i n c r e a s i n g  c r a c k  l e n g t h ,  c o r r e s p o n d i n g  t o  t h e  
d e p e n d e n c e  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  o n  c r a c k  l e n g t h  f o r  a  
t h r o u g h - t h i c k n e s s  c r a c k ,  i . e .  K =  cr V"<Tca>. C r a c k  l e n g t h  i s  p l o t t e d  a g a i n s t  
n u m b e r  o f  c y c l e s  f o r  t h e  t h r o u g h - t h i c k n e s s  c r a c k  i n  F i g u r e  6 . 2 9 .  T h e  c r a c k  
g r o w s  a t  a n  i n c r e a s i n g  r a t e  a s  t h e  l e n g t h  i n c r e a s e s ,  i n  c o n t r a s t  t o  t h e  c r a c k
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l e n g t h  i n d e p e n d e n c e  o f  t h e  g r o w t h  r a t e  o f  c o n s t r a i n e d  t r a n s v e r s e  p l y  c r a c k s ,  
f o r  e x a m p l e  F i g u r e s  6 . 9 ( b )  a n d  6 . 1 0 .
E s t i m a t i n g  t h e  c r i t i c a l  c r a c k  l e n g t h  a t  f a i l u r e  a s  a p p r o x i m a t e l y  3  mm b y  
e x t r a p o l a t i o n  o f  t h e  c r a c k  l e n g t h  v s  n u m b e r  o f  c y c l e s  c u r v e  a t  f a i l u r e  
( F i g u r e  6 . 2 9 )  g i v e s  a  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r ,  Kc ( w h e r e  
Kc =  <J < / '<7tac > )  o f  a p p r o x i m a t e l y  1 , 5  M P aV m , T h i s  a g r e e s  f a i r l y  w e l l  w i t h  t h e  
u p p e r  l i m i t  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  ( i . e .  1, 3  -  1 . 6  M P a / m )  i n  l o g - l o g  
p l o t s  o f  a v e r a g e  c r a c k  g r o w t h  r a t e  a g a i n s t  K f o r  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  
GFRP c r o s s - p l y  l a m i n a t e s  ( F i g u r e  6 . 1 6 ) ,  c o r r e s p o n d i n g  t o  f a s t  f r a c t u r e  a c r o s s  
t h e  c o u p o n  w i d t h .
6 . 5  D IS C U S S I O N
6 , 5 . 1  T r a n s v e r s e  p l y  c r a c k i n g  p a t t e r n
T h e  d e v e l o p m e n t  o f  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  CFRP a n d  GFRP l a m i n a t e s  
u n d e r  f a t i g u e  l o a d i n g  d e p e n d e d  o n  t h e  s t r e s s  l e v e l ,  a s  d e s c r i b e d  i n  S e c t i o n  
6 . 2 .  T h e  m a r k e d  d i f f e r e n c e  b e t w e e n  c r a c k  d e v e l o p m e n t  u n d e r  l o a d i n g  a t  l o w  
c y c l i c  s t r e s s e s  a n d  h i g h  c y c l i c  ( o r  s t a t i c )  s t r e s s e s  i s  c o n s i s t e n t  w i t h  t h e  
c r a c k i n g  p a t t e r n s  o b s e r v e d  b y  O g i n  a n d  S m i t h  ( 1 9 8 5 )  i n  t h e i r  o r i g i n a l  
a p p l i c a t i o n  o f  t h e  c r a c k  g r o w t h  m o d e l .  T h e y  o b s e r v e d  a  r e g u l a r  a r r a y  o f  
m a i n l y  f u l l - w i d t h  c r a c k s  i n  GFRP 0 / 9 0 / 0  a n d  ( 0 / 9 0 ) s l a m i n a t e s  u n d e r  s t a t i c  
l o a d i n g ,  i n  c o n t r a s t  t o  m a n y  s h o r t  c r a c k s  d i s p e r s e d  t h r o u g h o u t  t h e  t r a n s v e r s e  
p l y  u n d e r  f a t i g u e  l o a d i n g .  T h e s e  s h o r t  t r a n s v e r s e  c r a c k s  g r e w  s t a b l y  i n  
f a t i g u e  a t  a  r a t e  w h i c h  w a s  r e l a t e d  t o  t h e  s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  
c r a c k  t i p ,  G a n c z a k o w s k i  e t  a l  ( 1 9 8 7 )  n o t e d  a  v e r y  s i m i l a r  d e p e n d e n c e  o f  
t r a n s v e r s e  c r a c k  d e v e l o p m e n t  o n  t h e  m o de  o f  l o a d i n g  i n  a  ( 0 / 9 0 ) s K e v l a r  f i b r e  
c o m p o s i t e  i n  w h i c h  e d g e  c r a c k s  a n d  s h o r t  i n t e r n a l  c r a c k s  g r e w  s t a b l y  a c r o s s  
t h e  p l y  w i d t h  u n d e r  f a t i g u e  l o a d i n g  b u t  n o t  u n d e r  s t a t i c  l o a d i n g .  S h o r t ,  
i n t e r n a l l y - i n i t i a t e d  c r a c k s  w e r e  o b s e r v e d  i n  t h e  p r e s e n t  GFRP l a m i n a t e s  a t  
a l l  c y c l i c  s t r e s s  l e v e l s  a f t e r  a  f a i r l y  h i g h  d e n s i t y  o f  e d g e - i n i t i a t e d  c r a c k s  
h a d  d e v e l o p e d .
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T h e  X - r a d i o g r a p h  t e c h n i q u e  h a s  b e e n  a p p l i e d  b y  n u m e r o u s  a u t h o r s  t o  s t u d y  
t r a n s v e r s e  c r a c k  d e v e l o p m e n t  i n  c r o s s - p l y  CFRP l a m i n a t e s  u n d e r  f a t i g u e  
l o a d i n g  ( R e i f s n i d e r  e t  a l  1 9 8 3 ,  R e i f s n i d e r  a n d  J a m i s o n  1 9 8 2 ,  C h a r e w i c z  a n d  
D a n i e l  1 9 8 6 ,  D a n i e l  e t  a l  1 9 8 7 ,  W e v e r s  1 9 8 7 ,  B a r o n  a n d  S c h u l t e  1 9 8 7 ) .  M an y  
q u a n t i t a t i v e  s t u d i e s  o f  c r a c k  a c c u m u l a t i o n  m e a s u r e  c r a c k  d e n s i t y  a t  t h e  f r e e  
e d g e  o f  t h e  c o u p o n  b y  m i c r o s c o p y  o r  r e p l i c a t i o n  a n d  u s e  X - r a d i o g r a p h y  a s  a  
q u a l i t a t i v e  i n d i c a t i o n  o f  t h e  t y p e  o f  d a m a g e  d e v e l o p e d .  T h e  ' c h a r a c t e r i s t i c  
d a m a g e  s t a t e '  ( C D S )  ( e . g .  R e i f s n i d e r  a n d  T a l u g  1 9 8 0 )  i s  p r o p o s e d  t o  d e s c r i b e  
t h e  s a t u r a t i o n  c r a c k i n g  p a t t e r n  i n  o f f - a x i s  p l i e s  w h i c h  i s  a s s u m e d  t o  b e  a 
l a m i n a t e  p r o p e r t y  a n d  i s  i n d e p e n d e n t  o f  l o a d  h i s t o r y .  T h e  c r a c k  p a t t e r n s  
o b s e r v e d  i n  t h e  p r e s e n t  w o r k  a n d  b y  O g i n ,  S m i t h  a n d  c o - w o r k e r s  s u g g e s t  t h a t  
l o a d  h i s t o r y  c a n  a f f e c t  t h e  d a m a g e  s t a t e  i n  t h e  t r a n s v e r s e  p l y  a n d  t h a t  t h e  
CDS d o e s  n o t  f u l l y  d e s c r i b e  s a t u r a t i o n  c r a c k i n g .
C h a r e w i c z  a n d  D a n i e l  ( 1 9 8 6 )  a n d  D a n i e l  e t  a l  ( 1 9 8 7 )  p r e s e n t  X - r a d i o g r a p h s  
s h o w i n g  d a m a g e  d e v e l o p m e n t  i n  a  CFRP ( 0 / 9 0 2 ) s l a m i n a t e  l o a d e d  a t  a  f a t i g u e  
s t r e s s  o f  66%  o f  t h e  s t a t i c  t e n s i l e  s t r e n g t h  ( U T S )  w i t h  R = 0 .  1 a t  a  f r e q u e n c y  
o f  1 0 H z .  A t  t h i s  s t r e s s  l e v e l ,  t r a n s v e r s e  c r a c k s  s p a n n e d  t h e  c o m p l e t e  
l a m i n a t e  w i d t h  a n d  t h e  CDS s a t u r a t i o n  c r a c k i n g  d e n s i t y  w a s  r e a c h e d  w i t h i n  a  
f e w  t h o u s a n d  c y c l e s .  F u r t h e r  t e s t s  w e r e  c o n d u c t e d  a t  s t r e s s  l e v e l s  a s  l o w  a s  
9% U T S  b u t  t h e  a u t h o r s  d o  n o t  co m m e n t  o n  t h e  p a t t e r n  o f  c r a c k s  d e v e l o p e d  
u n d e r  t h e s e  c o n d i t i o n s .  T h e y  n o t e  o n l y  t h a t  t h e  CDS c r a c k  d e n s i t y  i s  n o t  
a l w a y s  a t t a i n e d  i f  t h e  c y c l i c  s t r e s s  i s  t o o  lo w ,  a l t h o u g h  i t  i s  n o t  c l e a r  i f  
t h i s  r e f e r s  t o  t h e  g r o w t h  o f  c r a c k s  a c r o s s  t h e  w i d t h  o f  t h e  p l y  a s  w e l l  a s  
t h e  e d g e  c r a c k  d e n s i t y .  F r o m  t h e  p r e s e n t  w o r k ,  i t  m ay  b e  e x p e c t e d  t h a t  som e  
s l o w  t r a n s v e r s e  c r a c k  g r o w t h  a c r o s s  t h e  p l y  w i d t h  w i l l  o c c u r  a t  s u c h  l o w  
c y c l i c  s t r e s s e s .  I n  a  s t u d y  o f  t r a n s v e r s e  p l y  c r a c k  d e v e l o p m e n t  u n d e r  
f a t i g u e  i n  a  ( 0 2 / 9 0 2 / 0 2 / 9 0 2 ) s l a m i n a t e ,  S c h u l t e  ( 1 9 8 3 )  a l s o  n o t e s  t h a t  t h e  CDS  
m ay b e  a l m o s t  f u l l y  d e v e l o p e d  a t  t h e  c o u p o n  e d g e  b u t  n o t  a l l  o f  t h e  c r a c k s  
s p a n  t h e  e n t i r e  w i d t h  o f  t h e  s p e c i m e n ,
W e v e r s  ( 1 9 8 7 )  p r e s e n t s  o b s e r v a t i o n s  o n  f a t i g u e  d a m a g e  d e v e l o p m e n t  i n  a  
( 0 2 / 9 0 2 ) s T 3 0 0 / 9 2 0  e p o x y  CFRP l a m i n a t e  t e s t e d  a t  30%  a n d  60%  o f  t h e  l a m i n a t e  
s t a t i c  s t r e n g t h .  R a d i o g r a p h s  t a k e n  a f t e r  1 5 0 , 0 0 0  c y c l e s  a t  t h e  t w o  t e s t  
l e v e l s  s h o w e d  t h a t  t h e  e d g e  c r a c k  d e n s i t y  h a d  r e a c h e d  a p p r o x i m a t e  s a t u r a t i o n  
i n  b o t h  c o u p o n s .  H o w e v e r ,  e d g e  c r a c k s  a t  t h e  60%  U T S  l e v e l  e x t e n d e d  o n l y  
b e t w e e n  a b o u t  o n e  s e v e n t h  a n d  o n e  t h i r d  o f  t h e  w i d t h  o f  t h e  c o u p o n .  I t
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a p p e a r s  t h a t  n o n e  o f  t h e  c r a c k s  s p a n n e d  t h e  c o m p l e t e  w i d t h  o f  t h e  c o u p o n .
T h e  d e n s i t y  o f  c r a c k s  a t  t h e  30%  UTS t e s t  l e v e l  w a s  s i m i l a r  b u t  t h e  c r a c k s  
e x t e n d e d  o n l y  a p p r o x i m a t e l y  o n e  f o u r t e e n t h  o f  t h e  l a m i n a t e  w i d t h .  W h i l s t  t h e  
o b s e r v a t i o n s  a t  30%  U TS a r e  c o n s i s t e n t  w i t h  o b s e r v a t i o n s  o f  t e s t s  a t  a  
s i m i l a r  p r o p o r t i o n  o f  t h e  UTS i n  t h i s  w o r k  ( f o r  e x a m p l e ,  CFRP ( 0 / 9 0 3 ) s a t  a  
s t r e s s  o f  1 5 0  MPa a n d  GFRP ( 0 / 9 0 ) s w i t h  9 0 *  p l y  t h i c k n e s s  0 . 5 2  mm a t  a  s t r e s s  
o f  1 4 0  M P a )  t h o s e  a t  60%  U T S a r e  n o t  ( f o r  e x a m p l e ,  ( 0 / 9 0 ) s a t  3 6 0  M P a ) .  I t  
i s  e x p e c t e d  t h a t  t h e r e  w o u l d  b e  a  c o n s i d e r a b l y  h i g h e r  d e n s i t y  o f  c r a c k s  w h i c h  
s p a n  t h e  f u l l  w i d t h  o f  t h e  l a m i n a t e .
6 , 5 , 2  D a m a g e  i n i t i a t i o n
D v o r a k  a n d  L a w s  ( 1 9 8 7 )  n o t e '  t h a t  t h e  s t r e n g t h  o f  t h i c k  t r a n s v e r s e  p l i e s  
m ay b e  s i g n i f i c a n t l y  r e d u c e d  b y  i n h e r e n t  d a m a g e  d u e  t o  f a b r i c a t i o n ,  i m p a c t  o r  
e d g e  d a m a g e  f r o m  s p e c i m e n  p r e p a r a t i o n .  I n  t h e  p r e s e n c e  o f  i n i t i a l  d a m a g e ,  
t h e y  s u g g e s t  t h a t  c r a c k  n u c l e i  e q u i v a l e n t  i n  w i d t h  t o  t h e  t r a n s v e r s e  p l y  
t h i c k n e s s  s h o u l d  b e  a s s u m e d  a n d  a l l  s u b s e q u e n t  c r a c k i n g  p r o c e e d s  a c r o s s  t h e  
w i d t h  o f  t h e  p l y ,  i . e .  p a r a l l e l  t o  t h e  f i b r e s ,  T h e  s t r e n g t h  o f  p r e - d a m a g e d  
p l i e s  c a n  t h e r e f o r e  b e  s u b s t a n t i a l l y  l o w e r  t h a n  u n d a m a g e d  t h i c k  p l i e s ,
T h e  p r e - e x i s t i n g  t r a n s v e r s e  p l y  f l a w s  o b s e r v e d  i n  t h e  GFRP c o u p o n  i n  
F i g u r e s  6 , 2 2  a n d  6 . 2 4 ( a )  p r o m o t e d  t h e  d e v e l o p m e n t  o f  b o t h  f a s t  f r a c t u r e  e a r l y  
i n  t h e  t e s t  a n d  i n t e r n a l  c r a c k i n g  i n  t h e  f a u l t e d  r e g i o n  ( S e c t i o n  6 , 4 , 3 ) ,
S u c h  f l a w s  may h a v e  o c c u r r e d  a s  a  r e s u l t  o f  p o o r  w e t t i n g  o f  t h e  f i b r e s  b y  t h e  
r e s i n  d u r i n g  f a b r i c a t i o n  o r  p o s s i b l y  d u e  t o  t h e r m a l  s t r e s s .  T h e  f l a w  may  
d e v e l o p  w h e r e  a  n u m b e r  o f  f i b r e s  d e b o n d  f r o m  t h e  m a t r i x  ( B a i l e y  a n d  P a r v i z i  
1 9 8 1 ,  D v o r a k  a n d  L a w s  1 9 8 7 ,  O g i n  a n d  S m i t h  1 9 8 5 ,  N e n s i  1 9 8 8 )  e s p e c i a l l y  w h e r e  
t h e  f i b r e s  a r e  i n  c l o s e  p r o x i m i t y ,  r e s u l t i n g  i n  a  s t r a i n  m a g n i f i c a t i o n  i n  t h e  
r e s i n  b e t w e e n  t h e  f i b r e s  w h i c h  p r o m o t e s  t h e  d e b o n d i n g  u n d e r  l o a d .
F o l l o w i n g  t h e  s u g g e s t i o n  o f  O g i n  a n d  S m i t h  ( 1 9 8 5 )  f o r  t h e  f a t i g u e  c r a c k  
i n i t i a t i o n  p r o c e s s ,  t h e  f l a w  may b e  c o n s i d e r e d  a s  a n  e n c l o s e d  c r a c k  w h i c h  
w i l l  g r o w  a t  a  r a t e  g o v e r n e d  b y  t h e  s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  b o u n d a r i e s  
o f  t h e  c r a c k  ( F i g u r e  4. 1 6 ) ,  T h e  c r a c k  w i l l  g r o w  s t a b l y  u n d e r  f a t i g u e  a t  a  
l o w  c y c l i c  s t r e s s  b o t h  p a r a l l e l  a n d  p e r p e n d i c u l a r  t o  t h e  f i b r e s .  A t  h i g h  
s t r e s s ,  f a s t  f r a c t u r e  c a n  o c c u r ,  r e s u l t i n g  i n  u n s t a b l e  g r o w t h  a c r o s s  t h e
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t h i c k n e s s  a n d  w i d t h  o f  t h e  p l y ,  T h e  s t r e s s  s e e n  b y  t h e  e n c l o s e d  c r a c k  a s  i t  
g r o w s  a c r o s s  t h e  p l y  w i d t h  w i l l  a l s o  d e p e n d  o n  c r a c k  s p a c i n g  ( e q u a t i o n  6 . 3 ) ,
T h e  c y c l i c  s t r e s s  a p p l i e d  t o  t h e  ' f l a w e d *  c o u p o n  i n  s h o w n  F i g u r e s  6 .  2 2  
a n d  6 . 2 4 ( a )  w a s  c l o s e  t o  t h e  s t a t i c  t r a n s v e r s e  p l y  c r a c k i n g  s t r e s s .
T h e r e f o r e  e a r l y  i n  t h e  t e s t ,  w h e n  t h e  c r a c k  s p a c i n g  w a s  v e r y  l a r g e ,  f a s t  
f r a c t u r e  a c r o s s  t h e  p l y  t h i c k n e s s  a n d  w i d t h  w a s  p o s s i b l e  f r o m  a  f l a w  o f  
s u f f i c i e n t  s i z e .  S m a l l e r  f l a w s  w h i c h  m ay h a v e  b e e n  p r e s e n t  g r e w  m o r e  s l o w l y  
a n d  a s  t h e  c r a c k  s p a c i n g  d e c r e a s e d  w i t h  c y c l i n g ,  s t r e s s  s h i e l d i n g  b y  
n e i g h b o u r i n g  c r a c k s  r e d u c e d  t h e  s t r e s s  i n t e n s i t y  a t  t h e  f l a w ,  p r e v e n t i n g  f a s t  
f r a c t u r e .  When t h e s e  f l a w s  s p a n n e d  t h e  t h i c k n e s s  o f  t h e  p l y  t h e y  w e r e  a b l e  
t o  g r o w  a s  r e g u l a r  t r a n s v e r s e  c r a c k s .  T h e  i n t e r n a l  c r a c k  i n  F i g u r e  6 . 2 5  
( S e c t i o n  6 . 4 . 3 )  a l s o  b e h a v e s  i n  t h i s  m a n n e r ,
6 . 5 . 3  T h e  i n d e p e n d e n c e  o f  c r a c k  g r o w t h  r a t e  o n  c r a c k  l e n g t h
T h e  g r o w t h  r a t e  o f  t r a n s v e r s e  p l y  c r a c k s  w a s  i n d e p e n d e n t  o f  c r a c k  l e n g t h  
b u t  d e p e n d e d  o n  c r a c k  s p a c i n g  a s  p r e d i c t e d  b y  t h e  e x p r e s s i o n  f o r  s t r e s s  
i n t e n s i t y  f a c t o r  ( e q u a t i o n s  6 , 5  a n d  6 . 6 ) ,  I n  t h e  a b s e n c e  o f  i n t e r a c t i o n  w i t h  
a n o t h e r  c r a c k ,  t h e  t r a n s v e r s e  c r a c k  g r o w t h  r a t e  i s  a p p r o x i m a t e l y  c o n s t a n t .  
O v e r l a p  w i t h  a n o t h e r  c r a c k  e i t h e r  r e d u c e s  t h e  g r o w t h  r a t e  o r  i f  t h e  n ew  
s p a c i n g  i s  l o w  e n o u g h ,  t h e  s t r e s s  i n t e n s i t y  f a c t o r  i s  r e d u c e d  t o  a  v a l u e  
b e l o w  t h e  t h r e s h o l d  f o r  c r a c k  g r o w t h  a n d  c r a c k  a r r e s t  o c c u r s  ( F i g u r e s  6 .  9 b  
a n d  6 .  1 0 ) ,
T h e  r e l a t i o n s h i p  b e t w e e n  c r a c k  l e n g t h  a n d  t h e  n u m b e r  o f  c y c l e s  f o r  
t r a n s v e r s e  p l y  c r a c k s  s h o u l d  b e  c o m p a r e d  w i t h  t h a t  f o r  t h e  t h r o u g h - t h i c k n e s s  
f a t i g u e  c r a c k  i n  t h e  u n c o n s t r a i n e d  u n i d i r e c t i o n a l  9 0 *  l a m i n a t e  ( F i g u r e  6 . 2 9 ) .  
T h e  g r o w t h  r a t e  o f  t h e  t h r o u g h - t h i c k n e s s  c r a c k  i n c r e a s e s  a s  t h e  l e n g t h  
i n c r e a s e s  s i n c e  t h e  s t r e s s  i n t e n s i t y  f a c t o r  d e p e n d s  o n  c r a c k  l e n g t h ,  a ,  f o r  
t h i s  c r a c k  c o n f i g u r a t i o n ,  i . e .  K =  o \ / * < T t a ) .  I n  t u r n ,  t h e  c r a c k  g r o w t h  r a t e  
d e p e n d s  o n  a  p o w e r  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  ( e q u a t i o n  6 . 8 )  a n d  t h e  
c r a c k  p r o p a g a t e s  a t  a n  i n c r e a s i n g  r a t e  t o  f a i l u r e  o f  t h e  c o u p o n .
T h i s  i n d e p e n d e n c e  o f  c r a c k  l e n g t h  o f  a  f r a c t u r e  m e c h a n i c s  p a r a m e t e r  t o  
d e s c r i b e  a  t r a n s v e r s e  c r a c k  i s  a  f e a t u r e  o f  c r a c k  g r o w t h  m o d e l s  p r o p o s e d  by  
s e v e r a l  o t h e r  a u t h o r s  w h e n  c o n s i d e r i n g  s t a t i c  l o a d i n g ' .  D v o r a k  a n d  L aw s  
( 1 9 8 7 )  c a l c u l a t e  t h e  s t r a i n  e n e r g y  r e l e a s e  r a t e ,  G, f o r  g r o w t h  a c r o s s  t h e
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w i d t h  o f  t h e  t r a n s v e r s e  p l y  o f  c r a c k s  w h i c h  h a v e  a l r e a d y  g r o w n  a c r o s s  t h e  p l y  
t h i c k n e s s  i n  a  0 / 9 0  l a m i n a t e .  T h e i r  e x p r e s s i o n  c a n  b e  u s e d  ( B o n i f a c e  a n d  
O g i n  1 9 8 9 )  t o  o b t a i n  a n  a p p r o x i m a t e  e x p r e s s i o n  f o r  t h e  s t r e s s  i n t e n s i t y  
f a c t o r  f o r  t h e  t r a n s v e r s e  c r a c k :
IC =  a 2 V " < T c d /2 >
w h e r e  <t 2 i s  t h e  u n c r a c k e d  t r a n s v e r s e  p l y  s t r e s s ,  w h i c h  i s  v e r y  s i m i l a r  t o  t h e  
e x p r e s s i o n  u s e d  i n  t h e  p r e s e n t  m o d e l  ( e q u a t i o n  6 .  1 ) .  I n  b o t h  e x p r e s s i o n s ,  d 
i s  t h e  s e m i - t h i c k n e s s  o f  t h e  t r a n s v e r s e  p l y .
R o s e  ( 1 9 8 2 )  t r e a t s  t h e  p r o b l e m  o f  a  p l a t e  c o n t a i n i n g  a  t h r o u g h - t h i c k n e s s  
c r a c k  o f  l e n g t h  2 a  r e p a i r e d  b y  r e i n f o r c i n g  p a t c h e s  w h i c h  a r e  l a r g e  c o m p a r e d  
t o  t h e  d i m e n s i o n s  o f  t h e  c r a c k .  H e  d e r i v e s  e x p r e s s i o n s  f o r  u p p e r  b o u n d s  o n  
t h e  v a l u e s  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  a s  a  f u n c t i o n  o f  c r a c k  l e n g t h .  
R o s e ' s  a n a l y s i s  p r e d i c t s  t h a t  e x c e p t  i n  t h e  c a s e  o f  v e r y  s h o r t  c r a c k s ,  t h e  
s t r e s s  i n t e n s i t y  f a c t o r  i s  i n d e p e n d e n t  o f  c r a c k  l e n g t h .
H a h n  a n d  J o h a n n e s s o n  ( 1 9 8 3 )  d e r i v e d  a n  e x p r e s s i o n  f o r  t h e  e n e r g y  r e l e a s e  
r a t e ,  G, f o r  w i d t h - w i s e  e x t e n s i o n  o f  a n  i n h e r e n t  t r a n s v e r s e  p l y  c r a c k  i n  a  
0 / 9 0 / 0  l a m i n a t e  s u b j e c t e d  t o  u n i a x i a l  t e n s i l e  l o a d i n g .  T h e  c r a c k  s p a n s  t h e  
p l y  t h i c k n e s s  a n d  s i n c e  t h e  l e n g t h  o f  t h e  c r a c k  w i l l  b e  m uch g r e a t e r  t h a n  i t s  
w i d t h  ( i . e .  t h e  p l y  t h i c k n e s s ) ,  t h e  c r a c k  i s  d i v i d e d  i n t o  a  m i d d l e  r e g i o n ,  
b m, a n d  t w o  b o u n d a r y  r e g i o n s  o f  e q u a l  l e n g t h  b b / 2  a t  t h e  t i p s .  T h e y  
c o n s i d e r  t h a t  t h e  l e n g t h  o f  t h e  b o u n d a r y  r e g i o n s  d o e s  n o t  c h a n g e  a s  t h e  c r a c k  
e x t e n d s  a n d  t h a t  t h e  c h a n g e  i n  c r a c k  l e n g t h  i s  e q u i v a l e n t  t o  a  c h a n g e  i n  b , ft 
o n l y ,  T h i s  i s  a n a l o g o u s  t o  t h e  i n d e p e n d e n c e  o f  c r a c k  l e n g t h  o f  t h e  s t r e s s  
i n t e n s i t y  f a c t o r  a n d  t h e  l o c a l i z a t i o n  o f  d i s t u r b a n c e  a t  a  s t r e s s  i n t e n s e  z o n e  
o f  c o n s t a n t  s i z e  a t  t h e  c r a c k  t i p  w h i c h  i s  a s s u m e d  i n  t h e  p r e s e n t  m o d e l ,
H a h n  a n d  J o h a n n e s s o n  t h e n  c a l c u l a t e  t h e  s t r a i n  e n e r g y  r e l e a s e  r a t e  o f  t h e  
t r a n s v e r s e  c r a c k  f r o m  t h e  w o r k  o f  c r a c k  c l o s u r e ,  W, t o  o b t a i n
G =  ( l / h 9 0 ) Wro
w h e r e  h 90 i s  t h e  9 0 °  p l y  t h i c k n e s s  a n d  Wm i s  t h e  w o r k  o f  c r a c k  c l o s u r e  p e r  
u n i t  l e n g t h  o f  t h e  m i d d l e  r e g i o n  o f  t h e  c r a c k .  T h e  a u t h o r s  p o i n t  o u t  t h a t  
t h e  s t r a i n  e n e r g y  r e l e a s e  r a t e  f o r  c o n s t r a i n e d  c r a c k  g r o w t h  i s  t h e r e f o r e  
i n d e p e n d e n t  o f  c r a c k  l e n g t h  a n d  t h a t  c r a c k  e x t e n s i o n  w i l l  b e  s t a b l e .  H a n  e t
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a l  ( 1 9 8 8 )  p r o p o s e  a n  a n a l y s i s  o f  t r a n s v e r s e  p l y  c r a c k  i n i t i a t i o n  a n d  
m u l t i p l i c a t i o n  i n  c r o s s - p l y  l a m i n a t e s  u n d e r  s t a t i c  l o a d i n g  b a s e d  o n  t h e  
t h r o u g h - t h i c k n e s s  f l a w  c o n c e p t  o f  H a h n  a n d  J o h a n n e s s o n .
6 . 5 . 4  C r a c k  i n t e r a c t i o n
N o n e  o f  t h e  a n a l y s e s  m e n t i o n e d  a b o v e  d i s c u s s  q u a n t i t a t i v e l y  t h e  p r o b l e m  
o f  c r a c k  i n t e r a c t i o n .  T h e  p r e s e n t  a n a l y s i s  i n c l u d e s  s u c h  i n t e r a c t i o n s  
b e t w e e n  c r a c k s  t h r o u g h  t h e  s h e a r  l a g  t e r m  ( e q u a t i o n  6 , 3 )  w h i c h  m o d i f i e s  t h e  
s t r e s s  i n  t h e  t r a n s v e r s e  p l y  i n  t h e  r e g i o n  o f  a  c r a c k ,  I t  m u s t  b e  e m p h a s i s e d  
t h a t  t h e  e x p r e s s i o n  u s e d  h e r e  i s  a n  a p p r o x i m a t i o n  f o r  t h e  s t r e s s  i n  t h e  
t r a n s v e r s e  p l y  a c t i n g  o n  t h e  c r a c k  t i p ,  T h e  s t r e s s  h a s  b e e n  t a k e n  t o  b e  t h e  
m a x im u m  v a l u e  o f  t h e  s t r e s s  i n  t h e  t r a n s v e r s e  p l y  b e t w e e n  t w o  c r a c k s  s p a c e d  a  
d i s t a n c e  2 s  a p a r t  ( F i g u r e  6 . 8 ) ,  H o w e v e r ,  i t  i s  d i f f i c u l t  t o  s e e  h o w  a n  
a c c u r a t e  e x p r e s s i o n  c a n  b e  d e r i v e d  w i t h o u t  u s i n g  f i n i t e  e l e m e n t  m e t h o d s .
T h e  e x p r e s s i o n  f o r  t h e  a v e r a g e  t r a n s v e r s e  p l y  s t r e s s  i n  t h e  c r a c k e d  
l a m i n a t e  u s e d  b y  O g i n  e t  a l  ( 1 9 8 4 ) ,  w h i c h  w a s  d e r i v e d  b y  c o n s i d e r i n g  t h e  f a l l  
i n  t h e  s t o r e d  e l a s t i c  e n e r g y  i n  t h e  t r a n s v e r s e  p l y  w i t h  d e c r e a s i n g  a v e r a g e  
c r a c k  s p a c i n g ,  i s  i n a p p r o p r i a t e  h e r e  s i n c e  t h e  s t r e s s  a c t i n g  o n  a  p a r t i c u l a r
c r a c k  i s  r e q u i r e d  a n d  n o t  t h e  a v e r a g e  s t r e s s  i n  t h e  t r a n s v e r s e  p l y .
O t h e r  a u t h o r s  d i s c u s s  t h e  e f f e c t  q u a l i t a t i v e l y .  D v o r a k  a n d  L a w s  ( 1 9 8 7 )  
n o t e  t h a t  w i d t h - w i s e  g r o w t h  o f  a  t r a n s v e r s e  p l y  c r a c k  m ay b e  a r r e s t e d  e a s i l y  
i f  t h e  c r a c k  e n t e r s  a  r e g i o n  o f  l o w  s t r e s s  w h i c h  t h e y  s u g g e s t  c o u l d  r e s u l t  
f r o m  s t r e s s  s h i e l d i n g  d u e  t o  t h e  c l o s e  p r o x i m i t y  o f  a n o t h e r  c r a c k  o r  f r o m  a  
l o c a l  I n c r e a s e  i n  t o u g h n e s s .  S t r e s s  s h i e l d i n g ,  a s  s u g g e s t e d  b y  H a r r i s o n  a n d
B a d e r  ( 1 9 8 1 ) ,  i s  r e f l e c t e d  i n  t h e  d e p e n d e n c e  o f  c r a c k  g r o w t h  r a t e  o n  s p a c i n g
p r e d i c t e d  b y  t h e  p r e s e n t  m o d e l  a n d  w a s  o b s e r v e d  i n  t h e  p r e s e n t  w o r k .  C r a c k  
i n t e r a c t i o n  i s  s h o w n  q u a l i t a t i v e l y  b y  t h e  I n t e r f e r e n c e  b e t w e e n  s t r e s s  
b l r e f r i n g e n t  z o n e s  a t  t h e  t i p s  o f  o v e r l a p p i n g  c r a c k s  i n  F i g u r e  6 . 2 7 ,  T h e  
e f f e c t  o n  c r a c k  g r o w t h  r a t e  o f  l o c a l  m a t e r i a l  v a r i a b i l i t y ,  a n d  h e n c e  l o c a l  
t o u g h n e s s ,  i s  a l s o  o b s e r v e d  b u t  i s  n o t  t a k e n  i n t o  a c c o u n t  i n  t h e  m o d e l  a t  
p r e s e n t .
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6. 5. 5 Assumptions of the model
T h e  i d e a l i s e d  f o r m  o f  t h e  t r a n s v e r s e  c r a c k  a s s u m e d  i n  t h e  p r e s e n t  m o d e l  
w a s  f o u n d  t o  d e s c r i b e  r e a l  c r a c k s  o b s e r v e d  i n  t h e  p r e s e n t  CFRP a n d  GFRP  
l a m i n a t e s  r e a s o n a b l y  w e l l .
W i t h  t h e  e x c e p t i o n  o f  som e i n t e r n a l l y - i n i t i a t e d  c r a c k s  a t  a n  e a r l y  s t a g e  
o f  g r o w t h ,  c r a c k s  d i d  s p a n  t h e  t h i c k n e s s  o f  t h e  p l y  a l o n g  t h e i r  e n t i r e  
l e n g t h .  T h e  ‘ i n c u b a t i o n  p e r i o d "  o b s e r v e d  f o r  som e e d g e  c r a c k s  i n  t h e  GFRP  
l a m i n a t e s  i s  c o n s i s t e n t  w i t h  t h e  r e q u i r e m e n t  t h a t  a  c r a c k  s p a n s  t h e  f u l l  p l y  
t h i c k n e s s  b e f o r e  t h e  f u l l  v a l u e  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  ( e q u a t i o n  6 .  1 )  
c a n  a p p l y .  I n i t i a l l y ,  s u c h  a  c r a c k  r e m a i n e d  s h o r t  ( a b o u t  1 - 2  p l y  t h i c k n e s s e s  
i n  l e n g t h )  a n d  s p a n n e d  t h e  f u l l ' t h i c k n e s s  o f  t h e  t r a n s v e r s e  p l y  o n l y  a t  t h e  
f r e e  e d g e ,  A n u m b e r  o f  c y c l e s  w a s  r e q u i r e d  t o  a l l o w  g r o w t h  a c r o s s  t h e  p l y  
t h i c k n e s s  a l o n g  i t s  e n t i r e  l e n g t h  b e f o r e  i t  w a s  a b l e  t o  p r o p a g a t e  a t  a  r a t e  
w h i c h  w a s  t h e n  g o v e r n e d  b y  t h e  s t r e s s  i n t e n s i t y  f a c t o r  g i v e n  b y  e q u a t i o n  6 .  1. 
T h i s  i s  c o n s i s t e n t  w i t h  t h e  c o n d i t i o n  m ad e  b y  O g i n  e t  a l  ( 1 9 8 4 )  t h a t  f o r  t h e  
e x p r e s s i o n  f o r  t h e  s t r e s s  i n t e n s i t y  f a c t o r  t o  a p p l y ,  t h e  c r a c k  m u s t  b e  l o n g e r  
t h a n  a b o u t  o n e  t r a n s v e r s e  p l y  t h i c k n e s s  a n d  m u s t  n o t  i n t e r a c t  w i t h  t h e  f r e e  
e d g e .  S i m i l a r  c o n d i t i o n s  o n  m i n im u m  c r a c k  l e n g t h  a r e  m a d e  i n  t h e  c r a c k  
g r o w t h  a n a l y s e s  o f  D v o r a k  a n d  L a w s  ( 1 9 8 7 ) ,  R o s e  ( 1 9 8 2 )  a n d  H a h n  a n d  
J o h a n n e s s o n  ( 1 9 8 3 ) ,  T h e  g r o w t h  r a t e  o f  i n t e r n a l  c r a c k s  i n  t h e  GFRP l a m i n a t e s  
h e r e  w a s  o b s e r v e d  t o  b e  l o w  i n i t i a l l y  a n d  t h e n  i n c r e a s e  a s  t h e  c r a c k  g r e w  
a c r o s s  t h e  f u l l  p l y  t h i c k n e s s .
P h o t o e l a s t i c  s t u d i e s  o f  g r o w i n g  t r a n s v e r s e  p l y  f a t i g u e  c r a c k s  s h o w e d  t h a t  
s t r e s s  w a s  c o n c e n t r a t e d  a t  t h e  t i p  o f  t h e  c r a c k  a n d  t h a t  t h e  s i z e  o f  t h e  
s t r e s s  i n t e n s e  z o n e  a t  t h e  t i p  r e m a i n e d  c o n s t a n t  a s  t h e  c r a c k  e x t e n d e d  
( F i g u r e  6 . 2 6 ) ,  i n  a g r e e m e n t  w i t h  t h e  a s s u m p t i o n  o f  t h e  m o d e l .  T h i s  w a s  i n  
c o n t r a s t  t o  t h e  i n c r e a s e  i n  t h e  s i z e  o f  t h e  c r a c k - t i p  z o n e  o b s e r v e d  f o r  
e x t e n s i o n  o f  a  t h r o u g h - t h i c k n e s s  f a t i g u e  c r a c k  i n  a n  u n c o n s t r a i n e d  t r a n s v e r s e  
p l y  ( F i g u r e  6 . 2 8 ) .  T h e  p o l a r i s e d  l i g h t  p h o t o g r a p h s  a l s o  s h o w e d  s o m e  s t r e s s e d  
p o i n t s  a l o n g  t h e  l e n g t h  o f  t h e  c r a c k  a w a y  f r o m  t h e  t i p .  T h e s e  may b e  d u e  t o  
v a r i a t i o n s  i n  t h e  f i b r e  d i s t r i b u t i o n  o f  t h e  0 *  p l y ,  l e a d i n g  t o  c h a n g e s  i n  
s t r e s s  w h e r e  t h e  d e n s i t y  o f  f i b r e s  w a s  l o c a l l y  h i g h  o r  l o w .
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6. 5. 6 Number of growing cracks
I n  a l l  o f  t h e  t e s t s ,  t h e  n u m b e r  o f  g r o w i n g  c r a c k s  r e m a i n e d  a p p r o x i m a t e l y  
c o n s t a n t  t h r o u g h o u t  a n  e x t e n d e d  p e r i o d  o f  o b s e r v a t i o n  ( F i g u r e s  6 .  17 a n d  
6 . 1 8 ) .  T h e  r a t e  a t  w h i c h  t h e  n u m b e r  o f  a c t i v e  c r a c k s  i n c r e a s e d  i n i t i a l l y  a n d  
t h e  c o n s t a n t  v a l u e  a t t a i n e d  d e p e n d e d  o n  t h e  s t r e s s  l e v e l .  T h e  n u m b e r  o f  
g r o w i n g  c r a c k s  i n  t h e  p r e s e n t  CFRP a n d  GFRP l a m i n a t e s  w a s  t y p i c a l l y  2 5  t o  5 0  
c o m p a r e d  w i t h  a b o u t  o n e  t h o u s a n d  c r a c k s ,  v a r y i n g  b y  u p  t o  a  f a c t o r  o f  2 ,  i n  
t h e  GFRP l a m i n a t e s  s t u d i e d  b y  O g i n  e t  a l  ( 1 9 8 4 ) .
O g i n  e t  a l  n o t e d  a  r o u g h  c o n s t a n c y  o f  n u m b e r  o f  g r o w i n g  c r a c k s  a n d  
e x p l a i n e d  t h i s  a s  d u e  t o  a  b a l a n c e  b e t w e e n  n u c l e a t i o n  a n d  a n n i h i l a t i o n  b y  
a r r e s t  o r  i n t e r a c t i o n  w i t h  t h e  c o u p o n  e d g e ,  T h e y  b a s e  t h e i r  c a l c u l a t i o n  o f  
t o t a l  c r a c k  g r o w t h  r a t e ,  i n f e r r e d  f r o m  t h e  s t i f f n e s s  r e d u c t i o n  r a t e ,  o n  t h e  
c o n s t a n c y  o f  t h e  n u m b e r  o f  g r o w i n g  c r a c k s ,  T h e y  s u g g e s t  t h a t  t h e  e f f e c t  o f  a  
v a r i a t i o n  i n  t h e  n u m b e r  o f  c r a c k  t i p s  b y  a  f a c t o r  o f  2 w o u l d  o n l y  h a v e  a  
s m a l l  e f f e c t  o n  t h e  l o g - l o g  p l o t  o f  d a / d N  v s  Kmax s i n c e  t h e r e  i s  o n l y  a  
l i n e a r  d e p e n d e n c e  o f  g r o w t h  r a t e  o n  n u m b e r  o f  c r a c k s  b u t  a  p o w e r  d e p e n d e n c e  
o f  K o n  c r a c k  s p a c i n g ,  S m i t h  ( 1 9 8 5 )  a p p l i e d  t h e  a n a l y s i s  t o  c r a c k  g r o w t h  i n  
C FRP c r o s s - p l y  l a m i n a t e s  b u t  w a s  n o t  a b l e  t o  m o n i t o r  d a m a g e  d e v e l o p m e n t  b y  
X - r a d i o g r a p h y ,  T h e  n u m b e r  o f  g r o w i n g  c r a c k s  v a r i e s  h e r e  b y  a  f a c t o r  o f  3  t o  
4  b e t w e e n  c y c l i c  s t r e s s  l e v e l s  o f  9 5  MPa a n d  1 7 0  MPa f o r  GFRP ( F i g u r e  6 .  1 8 )  
b u t  s u c h  a  v a r i a t i o n  w o u l d  s t i l l  b e  s m a l l  on  a  l o g - l o g  p l o t  ( l e s s  t h a n  h a l f  a  
d e c a d e ) .  F o r  t h e  CFRP l a m i n a t e  ( F i g u r e  6 .  1 7 ) ,  t h e  n u m b e r  o f  c r a c k s  v a r i e s  
o n l y  b y  a  f a c t o r  o f  2  b e t w e e n  1 5 0  MPa a n d  2 8 5  MPa.
I n  t h e  p r e s e n t  w o r k ,  a  g r e a t e r  n u m b e r  o f  g r o w i n g  c r a c k s  w a s  f o u n d  a t  l o w  
c y c l i c  s t r e s s e s  s i n c e  a l l  c r a c k  g r o w t h  o c c u r r e d  s l o w l y .  A t  h i g h  s t r e s s  
l e v e l s ,  f e w e r  c r a c k s  w e r e  a b l e  t o  g r o w  s l o w l y  s i n c e  s l o w  g r o w t h  o n l y  b e g a n  
a f t e r  a  h i g h  d e n s i t y  o f  f u l l - w i d t h  c r a c k s  w as  p r e s e n t  ( b y  f a s t  f r a c t u r e )  a n d  
t h e  s p a c i n g  w a s  r e d u c e d .
6 , 5 . 7  E f f e c t  o f  R r a t i o
T h e  m a i n  e f f e c t  o f  R r a t i o  o n  d a m a g e  d e v e l o p m e n t  i n  t h e  p r e s e n t  t e s t s  w as  
t o  n u c l e a t e  i n t e r n a l  c r a c k s  e a r l i e r  a t  a  l o w e r  R r a t i o ,  f o r  e x a m p l e  s e e
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T a b l e  6 . 3  f o r  t h e  GFRP ( 0 / 9 0 ) s l a m i n a t e  w i t h  t r a n s v e r s e  p l y  t h i c k n e s s  o f  
0 . 5 2  mm,
W e v e r s  ( 1 9 8 7 )  f o u n d  a  s i m i l a r  e f f e c t  o n  d a m a g e  a c c u m u l a t i o n  a t  d i f f e r e n t  
R r a t i o s  i n  ( 0 2/ 9 0 2 ) s CFRP l a m i n a t e s  t e s t e d  a t  a  m a x im u m  c y c l i c  s t r e s s  o f  70%  
o f  t h e  l a m i n a t e  s t a t i c  s t r e n g t h .  D a m a g e  w a s  m uch m o r e  s e v e r e  a t  R = 0 .  0 3  a f t e r
2 8 0 , 0 0 0  c y c l e s  t h a n  a t  R =0 .  5 a f t e r  5 0 0 , 0 0 0  c y c l e s .  F o r  e x a m p l e ,  t h e  
a p p r o x i m a t e  n u m b e r  o f  e d g e  c r a c k s  i n  t h e  sa m e  l e n g t h  o f  c o u p o n  a t  R = 0 .  0 3  w a s  
7 0  c o m p a r e d  w i t h  4 0  c r a c k s  a t  R = 0 . 5  a n d  t h e  t o t a l  c r a c k  l e n g t h  a t  R = 0 .  5  w a s  
o n l y  a b o u t  o n e  t h i r d  o f  t h a t  a t  R = 0 . 0 3 ,  E d g e  r e p l i c a s  s h o w e d  a n g l e d  
t r a n s v e r s e  p l y  e d g e  c r a c k s  i n  a d d i t i o n  t o  s t r a i g h t  c r a c k s  o n l y  a t  R =0 . 0 3 .  
W e v e r s  a l s o  o b s e r v e d  a  m a r k e d  c h a n g e  i n  t h e  s h a p e  o f  t h e  s t r e s s - s t r a i n  
h y s t e r e s i s  c u r v e  w i t h  c y c l i n g  a t  R = 0 , 0 3  a n d  t h e  o c c u r r e n c e  o f  l o w - s t r a i n  
a c o u s t i c  e m i s s i o n  a c t i v i t y  a b s e n t  a t  R = 0 , 5 .  B a s e d  o n  t h i s  e v i d e n c e ,  s h e  
p r o p o s e d  a  c r a c k  c l o s u r e  m e c h a n i s m  t o  e x p l a i n  t h e  f o r m a t i o n  o f  t h e  a n g l e d  
c r a c k s  a n d  t h e  a s s o c i a t e d  d e l a m i n a t i o n s  a l o n g  t h e  0 / 9 0  i n t e r f a c e ,
I t  s h o u l d  b e  n o t e d  t h a t  W e v e r s '  t e s t s  a n d  t h e  t e s t s  d o n e  i n  t h e  p r e s e n t  
w o r k  w e r e  c o n d u c t e d  a t  t w o  d i f f e r e n t  R r a t i o s  k e e p i n g  t h e  m a x im um  s t r e s s  
c o n s t a n t .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  m e a n  s t r e s s  a l s o  v a r i e s  a s  R v a r i e s  s o  
t h a t  t h e r e  may b e  a  c o m b i n e d  e f f e c t  o f  s t r e s s  r a n g e  ( a n d  h e n c e  s t r e s s  
i n t e n s i t y  f a c t o r  r a n g e )  a n d  m e a n  s t r e s s .  T h i s  i s  n o t  a  s u f f i c i e n t  c o n d i t i o n  
t o  e s t a b l i s h  w h e t h e r  t h e  d o m i n a n t  p a r a m e t e r  i s  t h e  m a x im u m  s t r e s s  o r  t h e  
s t r e s s  a m p l i t u d e .
No c l e a r  t r e n d  e m e r g e s  f r o m  t h e  f e w  s t u d i e s  o f  t h e  e f f e c t  o f  R, m ean  
s t r e s s  a n d  s t r e s s  r a n g e  o n  d a m a g e  d e v e l o p m e n t  i n  l a m i n a t e s .  P o u r s a r t i p  e t  a l
( 1 9 8 6 )  i n v e s t i g a t e d  f a t i g u e  d e l a m i n a t i o n  i n  a  q u a s i - i s o t r o p i c  CFRP l a m i n a t e  
a n d  f o u n d  t h a t  t h e  d a m a g e  g r o w t h  r a t e  w a s  a  p o w e r  f u n c t i o n  o f  b o t h  t h e  s t r e s s  
a m p l i t u d e  a n d  t h e  m e a n  s t r e s s .  U n d e r  t e s t  c o n d i t i o n s  c o m p a r a b l e  t o  t h o s e  
u s e d  i n  t h i s  w o r k ,  n o r m a l i s e d  s t i f f n e s s  a g a i n s t  n u m b e r  o f  c y c l e s  f o r  t e s t s  a t  
c o n s t a n t  m a x im u m  s t r e s s  b u t  d i f f e r e n t  s t r e s s  r a n g e  s h o w e d  m o r e  d a m a g e  a t  
l o w e r  R r a t i o .  N o t e  t h a t  t h e  m a x im u m  c y c l i c  s t r e s s  i n  t h i s  c a s e  w as  
a p p r o x i m a t e l y  90%  o f  t h e  s t a t i c  s t r e n g t h  a n d  t h e  e f f e c t  o f  m ax im um  s t r e s s  
d o m i n a t e d  t h a t  o f  t h e  m e a n  s t r e s s .  T h e  e f f e c t  o f  s t r e s s  r a t i o ,  R, w as  a l s o  
i n v e s t i g a t e d  b y  H o j o  e t  a l  ( 1 9 8 7 )  f o r  n e a r - t h r e s h o l d  g r o w t h  o f  d e l a m i n a t i o n  
f a t i g u e  c r a c k s  i n  a  u n i d i r e c t i o n a l  CFRP l a m i n a t e  w i t h  9 1 4  e p o x y  m a t r i x  ( u s i n g
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a  d o u b l e  c a n t i l e v e r  b e a m  t e s t ) .  E x p r e s s e d  a s  a  f u n c t i o n  o f  s t r e s s  i n t e n s i t y  
f a c t o r  r a n g e ,  t h e  c r a c k  g r o w t h  r a t e  w a s  f a s t e r  a t  h i g h e r  R r a t i o s ,
6 . 5 . 8  C r a c k  g r o w t h  r a t e  a n d  s t r e s s  i n t e n s i t y  f a c t o r
T h e  e x p o n e n t  m i n  t h e  P a r i s  r e l a t i o n s h i p  ( d a / d N  =  A A K m) f o r  t h e  GFRP  
l a m i n a t e s  w a s  a p p r o x i m a t e l y  2 . 4 .  C o m p a r e d  w i t h  t h e  v a l u e  m=6 i n f e r r e d  f r o m  
s t i f f n e s s  m e a s u r e m e n t s  b y  O g i n  e t  a l  ( 1 9 8 4 )  i n  a  c o m m e r c i a l  p r e p r e g  GFRP  
l a m i n a t e ,  t h e  g l a s s / 8 2 8  e p o x y  l a m i n a t e  a p p e a r s  t o  b e  l e s s  s e n s i t i v e  t o  t h e  
s t r e s s  i n t e n s i t y  f a c t o r  r a n g e .  K r e y  a n d  F r i e d r i c h  < 1 9 8 7 )  d e t e r m i n e  m f o r  a  
b r i t t l e  t h e r m o s e t t i n g  e p o x y  r e s i n  a s  a b o u t  7 ,
T h e  v a l u e  o f  m f o r  t h e  m a j o r i t y  o f  d a t a  f o r  t h e  CFRP l a m i n a t e s  w a s  a b o u t  
6 a l t h o u g h  a  c h a n g e  i n  s l o p e  t o  m«2 w a s  i n d i c a t e d  a t  l o w  A K  v a l u e s .  S m i t h  
< 1 9 8 5 )  e s t i m a t e d  m f r o m  Kmax d a t a  f o r  CFRP ( 0 / 9 0 ) s a n d  < 0 / 9 0 2 ) s l a m i n a t e s  a s  
a b o u t  18 ,  N o t e  t h a t  S m i t h ’ s  < 0 / 9 0 2 ) s l a m i n a t e  i s  i d e n t i c a l  t o  t h e  CFRP  
l a m i n a t e  t e s t e d  i n  t h i s  w o r k .  T h e  v a l u e  o f  18  w a s  c o n s i s t e n t  w i t h  m = 1 8 - 3 0  
f o u n d  b y  W ang e t  a l  ( 1 9 8 4 )  f o r  M od e  I  c r a c k  g r o w t h  i n  g r a p h i t e / e p o x y  
c o m p o s i t e  p a r a l l e l  t o  t h e  f i b r e s .  H o j o  e t  a l  ( 1 9 8 7 )  a l s o  f o u n d  m = 1 5  f o r  
g r o w t h  o f  d e l a m i n a t i o n  f a t i g u e  c r a c k s  a s  a  f u n c t i o n  o f  s t r e s s  i n t e n s i t y  
f a c t o r  r a n g e .
T h e  m a x im u m  v a l u e s  o f  s t r e s s  i n t e n s i t y  f a c t o r  i n  t h e  l o g - l o g  p l o t s  t e n d  
t o w a r d s  t h e  f r a c t u r e  t o u g h n e s s  o f  t h e  t r a n s v e r s e  p l y ,  Kc , c o r r e s p o n d i n g  t o  
t h e  c o n d i t i o n  f o r  f a s t  f r a c t u r e  a t  l a r g e  c r a c k  s p a c i n g s  a n d  h i g h  a p p l i e d  
s t r e s s .  T h e  e s t i m a t e  o f  Kc f r o m  u n s t a b l e  p r o p a g a t i o n  o f  t h e  
t h r o u g h - t h i c k n e s s  f a t i g u e  c r a c k  i n  t h e  GFRP t r a n s v e r s e  c o u p o n  ( S e c t i o n  6 . 4 . 4 )  
w a s  a b o u t  1, 5  MPa7"m w h i c h  c o r r e s p o n d s  t o  t h e  u p p e r  r a n g e  o f  s t r e s s  i n t e n s i t y  
f a c t o r s  f o u n d  f o r  t r a n s v e r s e  p l y  c r a c k  g r o w t h  ( F i g u r e  6 . 1 6 ) ,  i . e .
1 . 3  - 1 . 6  M PaYm . K f o r  f a s t  f r a c t u r e  i n  t h e  CFRP l a m i n a t e s  i s  a b o u t
1 , 5  -  2 , 0  M P a / m  f r o m  t h e  l o g - l o g  p l o t  ( F i g u r e  6 ,  1 5 )  w h i c h  i s  c o m p a r a b l e  w i t h  
K IC o f  1 . 4  M P aY m  m e a s u r e d  b y  H o j o  e t  a l  ( 1 9 8 7 ) .  ( N o t e  t h a t  t h e  c a s e  o f  t h e  
d e l a m i n a t i o n  f a t i g u e  c r a c k  i s  f o r  i n t e r l a m i n a r  c r a c k i n g  w h e r e a s  t h e  
t r a n s v e r s e  p l y  c r a c k  i s  i n t r a l a m i n a r  b u t  t h e  v a l u e s  f r o m  t h e  l i t e r a t u r e  s e r v e  
a s  a  u s e f u l  c o m p a r i s o n  w i t h  t h e  p a r a m e t e r s  d e t e r m i n e d  h e r e ) .
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Table 6. 1
S u m m a ry  o f  f a t i g u e  t e s t  l o a d i n g  c o n d i t i o n s  f o r  c r a c k  g r o w t h  m e a s u r e m e n t s  on  
CFRP a n d  GFRP 0 , 9 0 ,  0  l a m i n a t e s ,
L A M IN A T E FREQUENCY R ^Kiax
( H z ) (M P a )
CFRP L A M IN A T E S :
( 0 / 9 0 2 ) s 10 0 . 1 2 3 5
10 0 , 1 3 6 0
10 0 . 1 5 0 0
( 0 / 9 0 3 ) s 10 0 . 0 1 1 5 0
10 .  0 . 0 1 2 8 5
GFRP L A M IN A T E S :
CP2 5 0 . 1 9 5
2 d  =  0 ,  5 2  mm 5 0 .  5 9 5
5 0 . 1 1 4 0
5 0 ,  5 1 4 0
5 0 . 1 1 7 0
5 0 .  5 1 7 0
C P I 5 0 , 1 9 0
2 d  =  0 ,  7 8  mm 5 0 , 1 100
5 0 , 1 120
2 d t r a n s v e r s e  p l y  t h i c k n e s s
Cm*x m a x im u m  c y c l i c  s t r e s s
R Cfnir,/
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Table 6.2
P l y  p r o p e r t i e s  u s e d  i n  l a m i n a t e d  p l a t e  a n a l y s i s  t o  c a l c u l a t e  l a m i n a t e  
p r o p e r t i e s  a n d  t h e r m a l  s t r e s s e s  a n d  i n  t h e  c a l c u l a t i o n  o f  t h e  s t r e s s  
i n t e n s i t y  f a c t o r  ( e q u a t i o n s  6 . 5  a n d  6 . 6 )  f o r  GFRP a n d  CFRP 0 , 9 0 , 0  l a m i n a t e s .
GFRP L A M IN A T E S CFRP L A M IN A T E S
CP2 C P I ( 0 / 9 0 2 ) s ( 0 / 9 0 3 ) s
b 0 * p l y  t h i c k n e s s  (mm) 0 ,  3 0 .  3 3 0 .  1 2 5 0 ,  1 2 5
2d 9 0 °  p l y  t h i c k n e s s  (mm) 0 .  5 2 0 .  7 8 0 .  5 0 0 .  7 5
r e s i d u a l  t h e r m a l  (M P a )  
s t r e s s  i n  t h e  9 0 '  p l y  *
18 18 3 7 .  4 3 5 ,  1
E 0 l a m i n a t e  m o d u l u s  ( G P a ) 2 5 2 5 .  6 - 5 5  * 4 4 .  4
E , 0 '  p l y  m o d u l u s  ( G P a ) • 4 3 .  5 1 4 2
e 2 9 0 '  p l y  m o d u l u s  ( G P a ) 13 11
G s h e a r  m o d u l u s  ( G P a ) 4 6
A T t e m p e r a t u r e  c h a n g e  ( ' C )  
o n  c o o l i n g  f r o m  c u r e
- 7 5 - 1 5 0
t  v a l u e s  c a l c u l a t e d  b y  l a m i n a t e d  p l a t e  a n a l y s i s  ( a l l  o t h e r  v a l u e s  
a r e  d e t e r m i n e d  e x p e r i m e n t a l l y )
T a b l e  6 .  3
N u m b e r  o f  c y c l e s  t o  i n i t i a t e  i n t e r n a l  t r a n s v e r s e  p l y  c r a c k s  i n  GFRP ( 0 / 9 0 ) s  
l a m i n a t e  w i t h  a  t r a n s v e r s e  p l y  t h i c k n e s s  o f  0 . 5 2  mm ( C P 2 ) ,
R
(MPa)
A  <7
(MPa)
number of c y c le s  to  
i n i t i a t e  i n t e r n a l  cracks
0 . 1 1 7 0 1 5 3 ,  0 1 5 0 0
0 . 1 1 4 0 1 2 6 .  0 2 5 0 0
0 .  5 1 7 0 8 5 .  0 15  0 0 0
0 . 1 9 5 8 5 .  5 7 5  0 0 0
0 .  5 1 4 0 7 0 .  0 9 2  0 0 0
0 .  5 9 5 4 7 .  5 n o n e  b y  2 4 3  7 0 0
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Table 6. 4(a)
C r a c k  s p a c i n g ,  a v e r a g e  g r o w t h  r a t e  a n d  s t r e s s  i n t e n s i t y  f a c t o r  f o r  t h e  
f a t i g u e  g r o w t h  o f  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  CFRP ( 0 / 9 Q 3 ) s l a m i n a t e  a t  a  
m a x im u m  c y c l i c  s t r e s s  o f  1 5 0  M Pa, R =  0 . 0 1 .  ( n  n u m b e r  o f  c r a c k  g r o w t h  r a t e  
d a t a ,  s t d .  d e v .  s t a n d a r d  d e v i a t i o n  i n  g r o w t h  r a t e s )
CRACK
SPACING
(mm)
AVERAGE CRACK 
GROWTH RATE 
( I O " 4 mm/cycle)
n std ,
d e v .
KmAX
(NPaYm)
AK
( tIPaV m)
0 .  2 3 0 . 0 1 1 4 0 ,  0 4 0 , 18 0 .  0 9
0 .  3 0 ,  0 4 41 0 .  0 5 0 .  2 9 0 .  15
0 ,  4 6 0 .  0 9 4 2 0 . 11 0 .  5 8 0 .  2 9
0 . 6 0 . 1 8 2 5 0 .  19 ‘ 0 .  8 4 0 .  4 3
0 .  7 0 ,  3 5 5 0 0 ,  3 9 1. 0 1 0 ,  5 1
0 .  7 8 0 .  3 7 1 4 0 ,  2 9 1. 13 0 ,  5 8
0 .  9 0 . 2 8 1 9 0 .  2 5 1. 2 9 0 . 6 6
1. 0 8 0 ,  5 5 19 0 .  4 6 1, 4 8 0 ,  7 6
1. 15 1, 3 4 22 1, 7 2 1. 5 4 0 ,  7 9
1. 2 4 0 .  7 9 5 1. 12 1. 61 0 . 8 2
1. 3 8 0 .  0 9 10 0 .  19 1. 7 0 0 . 8 6
1. 5 1. 6 0 3 0 . 6 0 1. 7 5 0 .  8 9
1. 7 1. 0 1 3 0 .  9 3 1. 8 3 0 .  9 3
1. 8 1. 3 7 5 1. 5 0 1, 8 5 0 .  9 4
2 , 0 8 1, 3 7 4 0 ,  6 3 1, 9 0 0 .  9 7
2 .  17 1. 4 0 5 0 .  8 4 1, 9 2 0 .  9 8
2 .  3 1, 9 2 3 0 .  7 4 1. 9 3 0 .  9 8
2 . 6 1, 5 5 3 1. 0 6 1. 9 5 0 .  9 9
3 .  0 0 .  9 5 3 0 ,  3 9 1. 9 7 1. 0 0
3 .  2 1, 8 7 9 0 .  5 7 1. 9 7 1. 0 0
3 .  9 2 .  3 6 4 1. 31 1. 9 8 1. 0 1
4 . 6 1, 0 2 5 0 .  9 8 1. 9 8 1. 0 1
6 . 5 1. 3 1 5 0 .  9 7 1, 9 8 1. 0 1
7. 6 1. 6 7 4 0 .  5 8 1. 9 8 1. 0 1
8 . 3 2 .  0 7 3 0 .  8 3 1. 9 8 1. 0 1
1 8 ,  9 1. 61 4 0 .  7 3 1. 9 8 1. 0 1
22 . 6 1. 9 8 5 1. 0 3 1. 9 8 1. 01
106
Table 6.4(b)
C r a c k  s p a c i n g ,  a v e r a g e  g r o w t h  r a t e  a n d  s t r e s s  i n t e n s i t y  f a c t o r  f o r  t h e  
f a t i g u e  g r o w t h  o f  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  CFRP ( 0 / 9 0 3 ) s l a m i n a t e  a t  a  
m a x im u m  c y c l i c  s t r e s s  o f  2 8 5  M Pa, R =  0 , 0 1 ,  ( n  n u m b e r  o f  c r a c k  g r o w t h  r a t e  
d a t a ,  s t d ,  d e v ,  s t a n d a r d  d e v i a t i o n  i n  g r o w t h  r a t e s )
CRACK 
SPACING 
( m m )
AVERAGE CRACK 
GROWTH RATE 
(1 0 " *  mm/cycle)
n std ,
d e v .
K m a x
(MPa/m)
AK
(M P a/m )
0 ,  1 0 . 0 0 2 6 0 .  0 0 4 0 .  0 5 0 .  0 3
0 , 2 6 0 . 0 8 10 0 ,  13 0 ,  3 2 0 . 2 1
0 .  3 2 0 . 0 6 6 0 . 0 8 0 .  4 7 0 .  3 1
0 ,  3 8 0 . 2 1 14 0 ,  5 3 ‘ 0 .  6 2 0 ,  41
0 .  5 1. 0 5 7 2 1. 4 5 0 .  9 5 0 .  6 3
0 .  5 6 2 ,  3 9 7 2 ,  6 4 1. 12 0 .  7 4
0 . 6 0 1, 3 0 2 0 ,  8 5 1. 2 2 0 . 8 1
0 ,  6 4 5 ,  6 9 2 5 8 . 4 6 1, 3 2 0 . 8 8
0 .  7 0 2 ,  3 0 8 3 .  8 3 1. 4 7 0 .  9 7
0 , 8 0 8 , 6 2 18 10 . 3 8 1. 6 9 1, 12
0 ,  9 3 5 ,  5 8 2 4 3 .  4 5 1. 8 9 1. 2 5
1, 0 2 2 9 ,  4 0 1 2 . 0 8 1, 3 8
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Table 6. 5
C r a c k  s p a c i n g ,  a v e r a g e  g r o w t h  r a t e  a n d  s t r e s s  i n t e n s i t y  f a c t o r  f o r  t h e  
f a t i g u e  g r o w t h  o f  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  CFRP ( 0 / 9 0 2 ) s l a m i n a t e  a t  
m a x im u m  c y c l i c  s t r e s s e s  o f  < a )  2 3 5  MPa < b )  3 6 0  MPa (c >  5 0 0  MPa w i t h  R =  0 .  1. 
<n n u m b e r  o f  c r a c k  g r o w t h  r a t e  d a t a ,  s t d .  d e v .  s t a n d a r d  d e v i a t i o n  i n  g r o w t h  
r a t e s )
( a )  m a x im u m  c y c l i c  s t r e s s  = 2 3 5  MPa
CRACK
SPACING
( i m )
AVERAGE CRACK 
GROWTH RATE 
( I O - *  m m / c y c l e )
n std ,
d e v .
K m a x
(MPa+m)
A K
(MPaV m)
0 . 6 0 . 11 13 0 .  0 5 1. 19 0 . 6 0
0 .  9 0 . 10 2 7 0 . 12 1. 5 7 0 .  7 9
1. 2 0 . 10 . 19 0 .  0 5 1. 7 5 0 . 8 8
1. 5 0 .  2 4 9 0 , 21 1. 8 3 0 .  9 2
1. 8 0 ,  3 6 8 0 . 2 1 1, 8 6 0 ,  9 3
( b )  m a x im u m c y c l i c  s t r e s s = 3 6 0  MPa
CRACK
SPACING
(m\)
AVERAGE CRACK 
GROWTH RATE 
( 1 0 - *  m m / c y c l e )
n std .
d e v .
K m a x
(MPaTTii)
A K
(M P a /m )
0 .  2 4 0 3 - 0 ,  4 5 0 .  2 7
0 .  5 3 ,  6 6 2 7 9 .  5 2 1. 2 9 0 .  7 6
0 .  7 2 . 18 2 8 7, 9 7 1. 7 5 1. 0 4
1, 0 1. 4 2 2 7 4. 3 9 2 .  14 1. 2 7
1, 2 3 .  7 8 5 4. 5 5 2 ,  2 7 1. 3 4
1. 4 5 0 . 8 2 7 1. 21 2 .  3 6 1. 4 0
1, 7 1. 17 3 1. 7 8 2 .  4 0 1. 4 2
1. 9 1. 0 4 8 1. 41 2 .  42 1. 4 3
( c )  m a x im u m  c y c l i c  s t r e s s =  5 0 0  MPa
CRACK 
SPACING 
< mm)
AVERAGE CRACK 
GROWTH RATE 
CIO- 4  mm/cycle)
n std ,
d e v .
K m a x
(MPa/m)
A K
(MPa+m)
0 . 2 6 7 . 2 6 4 4 19 .  4 2 0 .  6 5 0 .  4 3
0 .  5 1 6 .  3 7 5 5 5 .  16 1. 6 2 1. 0 6
0 . 8 6 5 .  8 9 22 1 8 6 .  7 9 2 .  4 0 1. 5 8
1, 0 5 4 5 .  9 6 7 1 1 9 .  0 2 .  7 3 1. 7 9
1. 3 2 2 1 ,  0 5 5 2 4 2 .  3 4 2 .  9 0 1. 9 0
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T a b l e  6 ,  6
C r a c k  s p a c i n g ,  a v e r a g e  g r o w t h  r a t e  a n d  s t r e s s  i n t e n s i t y  f a c t o r  f o r  t h e  
f a t i g u e  g r o w t h  o f  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  GFRP 0 / 9 0 / 0  l a m i n a t e  CP2  ( 9 0
p l y  t h i c k n e s s  0 .  52mm) a t  m a x im u m  c y c l i c  s t r e s s e s  o f  9 5  M Pa, 1 4 0  MPa a n d
1 7 0  MPa w i t h  R =0 ,  1 a n d  R = 0 ,  5 .  ( n  n u m b e r  o f  c r a c k  g r o w t h  r a t e  d a t a ,  s t d ,  d e v
s t a n d a r d  d e v i a t i o n  i n  g r o w t h  r a t e s )
( a )  m a x im u m  c y c l i c  s t r e s s  = 9 5  MPa, R =  0 ,1
CRACK
SPACING
(mm)
AVERAGE CRACK 
GROWTH RATE 
(10~4 mm/cycle)
Ft Std.
d e v .
Kmax
(MPa-At)
AK
(MPaVm)
0 .  1 2 5 0 .  14 1 1 5 — 0 .  0 4 3 0 , 0 2 8
0 .  2 5 0 . 6 6 3 3 2 .  41 0 , 161 0 . 1 0 6
0 ,  3 7 5 0 ,  13 1 8 0 ,  14 0 ,  3 2 6 0 .  2 1 5
0 .  5 2 , 6 2 4 0 4. 5 9 0 .  5 0 8 0 .  3 3 5
0 ,  6 2 5 2 . 3 7 5 4 2 .  9 1 0 ,  6 8 5 0 ,  4 5 2
0 ,  7 5 3 .  4 9 5 6 4. 2 6 0 ,  8 4 4 0 .  5 5 7
0 .  8 7 5 9 .  4 3 14 2 0 ,  6 9 0 .  9 8 0 0 ,  6 4 7
1 . 0 14 .  9 9 5 6 16. 9 9 1, 0 9 3 0 .  7 2 1
1. 1 2 5 2 3 .  4 0 5 18 .  4 5 1. 1 8 5 0 .  7 8 1
1. 2 5 17 .  2 3 3 11. 11 1. 2 5 8 0 .  8 3
1, 3 7 5 3 0 .  6 7 12 3 0 .  7 9 1, 3 1 7 0 .  8 6 9
1, 5 4 4 .  7 5 2 7 4 1 .  4 8 1. 3 6 3 0 .  8 9 9
1, 6 2 5 4 9 .  61 9 4 5 .  7 3 1. 4 0 0 0 .  9 2 4
1. 7 5 9 0 .  0 6 6 2 .  3 7 1. 4 2 9 0 .  9 4 3
2 , 0 7 7 .  81 8 3 5 ,  3 4 1. 4 7 0 0 .  9 7
2 .  1 2 5 6 0 .  8 3 3 4 6 .  9 3 1. 4 8 4 0 .  9 7 9
2 .  2 5 1 8 .  7 5 4 2 1 ,  7 5 1, 4 9 5 0 .  9 8 6
2, 5 8 0 .  0 3 1 8 .  0 3 1, 5 1 1 0 .  9 9 7
2, 6 2 5 10. 5 8 10 7 .  6 8 1, 5 1 7 1. 0 0 0
2 .  7 5 2 4 .  4 2 13 14. 4 0 1, 5 2 1 1. 0 0 3
3 .  0 1 1 8 .  7 3 8 4 ,  6 8 1. 5 2 7 1. 0 0 7
3 .  1 2 5 3 7 6 .  3 2 4 4 3 .  7 1. 5 2 9 1. 0 0 9
3 ,  2 5 3 9 .  2 9 7 3 4 .  21 1, 5 3 1 1. 01
3 .  5 1 7 3 .  3 4 1 4 5 ,  6 1. 5 3 3 1. 0 1 1
4. 0 1 7 6 .  7 3 4 6 .  2 1. 5 3 6 1. 0 1 3
4. 5 8 7 .  8 15 9 5 .  5 1. 5 3 6 1. 0 1 3
5 .  0 3 7 .  0 10 3 3 .  6 1. 5 3 7 1. 0 1 4
5 .  2 5 18. 7 5 8 9 .  6 4 1. 5 3 7 1. 0 1 4
6 , 0 2 5 .  0 4 3 5 .  3 6 1. 5 3 7 1. 0 1 4
7 .  0 3 6 .  0 10 2 9 .  0 4 1. 5 3 7 1, 0 1 4
7 .  5 4 3 .  7 5 6 4 4 .  5 5 1. 5 3 7 1. 0 1 4
17 . 0 4 2 5 .  0 2 2 4 7 .  5 1, 5 3 7 1. 0 1 4
17. 1 2 5 4 5 0 .  0 1 - 1, 5 3 7 1, 0 1 4
17. 5 3 3 1 .  3 2 3 2 7 1. 5 3 7 1. 0 1 4
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Table 6. 6 continued
(b) maximum cyclic stress = 95 MPa, R = 0,5
CRACK
SPACING
(mm)
AVERAGE CRACK 
GROWTH RATE 
( I Q - 4 mm/cycle)
n s td ,
d e v ,
Kmax
(t lPa/i i i )
A K
(M P a/m )
0 . 1 0 3 6 -
0 . 2 0 , 61 22 1, 9 7 0 . 1 0 6 0 ,  0 3 9
0 ,  3 0 4
0 .  4 0 ,  7 2 4 0 3 .  12 0 ,  3 6 2 0 ,  1 3 2
0 . 6 0 . 21 17 0 .  3 1 0 , 6 5 1 0 .  2 3 9
0 ,  7 0 . 8 0 1 -
0 , 8 1. 2 9 20 1, 8 1 0 .  9 0 2 0 ,  3 3
0 .  9 2 6 . 6 9 9 6 . 19 1. 0 2 4 0 ,  3 6 8
1, 1 6 , 7 3 2 4 1 3 .  6 1 1, 1 6 8 0 .  4 2 8
1. 2 5 .  2 9 1 4 6 , 2 8 1. 2 3 1 0 .  4 5 1
1, 3 0 ,  8 7 3 0 . 12 1, 2 8 3 0 .  4 7
1. 4 2 4 .  8 8 13 6 3 .  3 8 1. 3 2 7 0 .  4 8 6
1, 6 1 8 2 .  8 0 5 1 4 3 .  5 9 1. 3 9 3 0 ,  5 1 1
1, 7 2 7 .  5 6 8 3 0 .  10 1. 4 1 8 0 ,  5 2
1. 8 20 . 2 6 11 3 6 ,  0 5 1. 4 3 9 0 ,  5 2 7
2 , 0 4 8 .  3 6 11 6 4 ,  9 3 1. 4 7 0 0 .  5 3 9
2 , 2 16 .  0 2 0 1. 4 9 1 0 .  5 4 7
2 ,  9 2 9 .  8 0 5 4 6 ,  7 1 1. 5 2 5 0 ,  5 5 9
UO
Table 6, 6 continued
(c) maximum cyclic stress = 140 MPa, R = 0.1
CRACK
SPACING
(mm)
AVERAGE CRACK 
GROWTH RATE 
(1 0 ~ 4 mia/cycle)
n std ,
d e v .
KmaX
(MPa/m)
AK
(M P a/m )
0 . 1 0 . 0 2 6 0 .  0 4 0 ,  0 3 7 0 .  0 2 7
0 . 2 0 .  3 0 2 0 .  4 2 0 .  1 4 3 0 .  1 0 3
0 ,  2 5 0 .  5 7 5 4 1, 5 3 0 . 2 1 6 0 .  1 5 6
0 .  3 2 5 2 .  0 3 12 3 ,  6 7 0 .  3 4 5 0 ,  2 4 9
0 ,  3 7 5 0 . 8 0 3 3 2. 3 7 0 .  4 3 9 0 .  3 1 6
0 .  5 11 ,  3 6 22 2 1 .  4 9 ' 0 .  6 8 4 0 .  4 9 4
0 ,  6 4 4 9 .  6 2 . 3 3 6 5 .  7 7 0 ,  9 5 0 0 . 6 8 6
0 .  7 5 2 5 .  12 1 8 4 2 ,  5 5 1, 1 3 8 0 . 8 2 1
0 ,  8 7 5 4 4 ,  2 6 1 4 5 0 ,  11 1. 3 2 1 0 ,  9 5 3
1, 0 2 4 4 .  6 0 4 1 1 9 .  1 1. 4 7 3 1, 0 6 3
1. 2 5 5 9 ,  5 0 4 86 , 4 7 1, 6 9 5 1. 2 2 3
( d )  m a x im u m  c y c l i c  s t r e s s  = 1 4 0  MPa, R =  0 . 5‘
CRACK AVERAGE CRACK n std . KflAX A K
SPACING GROWTH RATE d e v .
(mm) H O - 4 M / c y c l e ) (MPa/m) (M P a/m )
0 ,  4 0 .  5 3 4 0 ,  9 8 0 .  4 8 7 0 ,  1 9 5
0 .  5 1 6 .  0 1 - 0 .  6 8 4 0 .  2 7 4
0 . 61 6 . 7 9 2 7 18 .  11 0 .  8 9 6 0 .  3 5 9
0 .  72 6 1 .  0 16 1 1 8 .  14 1, 0 8 9 0 .  4 3 7
0 . 8 2 2 . 10 1 - 1, 2 4 4 0 .  4 9 9
0 .  9 4 5 8 ,  2 8 12 9 8 .  71 1. 4 0 4 0 ,  5 6 3
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Table 6.6 continued
(e) maximum cyclic stress = 170 MPa, R = 0.1
CRACK
SPACING
( m m )
AVERAGE CRACK 
GROWTH RATE 
(10 ~ 4 mm/cycle)
n std ,
d e v .
K m a x
(MPa/m)
AK
(M P a/m )
0 .  3 3 8 . 2 5 11 6 . 8 2 0 .  4 1 5 0 .  3 1 0
0 .  4 3 6 . 3 6 2 8 12 ,  41 0 .  6 4 0 0 ,  4 7 8
0 .  5 4 4 7 .  7 4 12 5 4 ,  0 0 .  8 9 4 0 . 6 6 8
0 .  6 5 6 2 .  3 5 8 8 5 .  5 0 1. 1 3 5 0 .  8 4 9
0 .  7 6 9 6 .  0 7 9 9 .  7 9 1. 3 5 2 1. O i l
( f )  m a x im u m c y c l i c  s t r e s s  = 1 7 0  MPa, R =  0 . 5
CRACK AVERAGE CRACK n std , K max AK
SPACING GROWTH RATE d e v .
(mm) ( IO - 4  mm/cycle) (MPa/m) (M P a/m )
0 . 2 0 . 16 2 6 0 . 8 0 ,  1 6 7 0 ,  0 7 0
0 .  3 0 .  4 6 3 4 1, 45 0 ,  3 5 1 0 .  1 4 6
0 .  4 0 .  3 8 13 0 .  4 0 0 ,  5 7 1 0 . 2 3 7
0 .  5 2 0 ,  9 6 16 1. 3 8 0 ,  8 4 8 0 .  3 5 2
0 . 6 2 0 .  8 7 7 1 6 3 ,  16 1, 0 2 8 0 .  4 2 7
0 , 6 8 6 2 ,  6 1 2 7 1 9 5 ,  4 1. 1 9 7 0 ,  4 9 7
0 , 8 2 1 ,  3 4 15 4 5 .  6 2 1, 4 2 3 0 .  5 9 1
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Table 6.7
C r a c k  s p a c i n g ,  a v e r a g e  g r o w t h  r a t e  a n d  s t r e s s  i n t e n s i t y  f a c t o r  f o r  t h e  
f a t i g u e  g r o w t h  o f  t r a n s v e r s e  p l y  c r a c k s  i n  t h e  GFRP 0 / 9 0 / 0  l a m i n a t e  C P I  ( 9 0 °  
p l y  t h i c k n e s s  0 .  78mm) a t  m a x im u m  c y c l i c  s t r e s s e s  o f  < a )  9 0  MPa ( b )  91 MPa  
w i t h  R =  0 .  1. <n n u m b e r  o f  c r a c k  g r o w t h  r a t e  d a t a ,  s t d . d e v ,  s t a n d a r d  
d e v i a t i o n  i n  g r o w t h  r a t e s )
( a )  m a x im u m  c y c l i c  s t r e s s  =  9 0  M Pa, R = 0 ,  1
CRACK
SPACING
(mm)
AVERAGE CRACK 
GROWTH RATE 
U Q " 4 fnm/cycle)
n std .
d e v .
Kmax
(MPa/m)
A K
(M P a/m )
0 , 2 2 0 .  0 9 7 8 0 ,  5 3 0 . 0 8 1 0 ,  0 5 1
0 .  4 4 0 .  3 2 8 9 0 , 8 • 0 .  2 9 0 0 ,  1 8 3
0 . 6 6 1. 3 4 5 5 1. 3 0 0 .  5 5 6 0 .  3 5 1
0 , 8 8 12 , 8 8 - 2 7 2 9 .  6 8 0 . 8 2 0 0 .  5 1 8
1, 11 1 2 .  5 3 3 5 10, 8 3 1, 0 5 6 0 .  6 6 7
1, 3 3 1 8 ,  2 2 6 0 17 . 6 6 1. 2 3 7 0 .  7 8 1
1. 5 5 8 7 .  3 1 7 7 5 .  12 1. 3 7 6 0 .  8 6 9
1. 7 7 3 6 .  8 9 2 6 4 3 .  2 4 1, 4 8 2 0 .  9 3 6
2 . 2 2 4 3 ,  5 5 8 2 8 .  6 5 1, 6 2 0 1. 0 2 3
2 .  4 4 17 ,  4 3 15 2 8 .  3 5 1, 6 6 3 1. 0 5
2 . 6 6 2 3 ,  6 2 2 6 20 , 2 6 1. 6 9 4 1. 0 7
3 .  1 1 8 .  6 1 7 15 . 12 1, 7 3 5 1, 0 9 6
4. 0 5 .  19 12 4. 11 1, 7 6 8 1, 1 1 7
4. 6 6 3 0 .  0 2 2 0 .  3 7 1. 7 7 6 1, 1 2 2
6 . 6 6 6 2 .  7 5 2 7. 0 1, 7 8 1 1, 1 2 5
( b )  m a x im um c y c l i c  s t r e s s =  9 1  MPa, R =  0 .  1
CRACK AVERAGE CRACK n std, K m a x A K
SPACING GROWTH RATE d e v .
(ffltfi) ( I O " 4 ram/cycle) (MPa/is) (M P a /m )
0 . 2 0 ,  3 1 10 0 .  7 0 ,  0 6 7 0 .  0 4 4
0 .  4 0 . 2 8 1 1 7 0 .  7 2 0 .  2 4 6 0 . 1 6 1
0 . 6 0 .  5 3 5 9 0 .  9 8 0 ,  4 8 5 0 ,  3 1 8
0 . 8 5 .  2 0 5 5 5. 8 8 0 ,  7 3 5 0 .  4 8 1
1 .  0 9 ,  3 6 16 10 . 9 0 0 .  9 6 3 0 ,  6 3 1
1, 2 8 , 7 2 5 7 12 , 6 8 1, 1 5 7 0 ,  7 5 8
1. 4 5 1 7 .  3 5 2 5 18. 6 6 1. 3 4 8 0 . 8 8 2
1, 7 1 6 .  0 8 8 7, 5 0 1. 4 8 9 0 .  9 7 5
2 . 0 2 5 ,  4 5 19. 15 1. 6 0 8 1, 0 5 3
2 . 1 4 8 .  41 2 5 6 ,  7 2 1, 6 3 8 1. 0 7 3
2 ,  3 2 6 ,  9 7 4 11, 61 1. 6 8 7 1. 1 0 5
2 ,  5 2 9 .  0 5 6 18. 0 9 1. 7 2 5 1, 1 3 0
6 . 0 4 0 ,  11 3 2 6 .  4 3 1. 8 4 5 1, 2 0 8
113
coupon width 20mmi--------—----
10 0 0 0  2 0 0  0 0 0  5 0 0  0 0 0
c y c l e s  c y c l e s  c y c l e s
Figure 6. 1
Series of X-radiographs showing damage in a CFRP (0/903)s coupon during
fatigue at 150 MPa («60% of static 90* ply cracking stress).
coupon width 20mmi---------------1
10 000 
c y c l e s
200 000 
c y c l e s
5 0 0  0 0 0  
c y c l e s
Figure 6. 2
Series of X-radiographs showing damage in a CFRP (0/903)s coupon during
fatigue at 285 MPa (»110% of static 90’ ply cracking stress).
coupon width 20mm
10 000 100 000
c y c l e s  c y c l e s
5 0 0  0 0 0  
c y c l e s
Figure 6. 3
Series of X-radiographs showing damage in a CFRP <0/902)s coupon during
fatigue at 235 MPa («70% of static 90* ply cracking stress).
i-------------------------------1
coupon width 20mm
Figure 6. 4
Series of X-radiographs showing damage in a CFRP (0/902)s coupon during
fatigue at 360 MPa («110% of static 90* ply cracking stress).
coupon width 20mm 
>------------------------------— —
2 5
c y c l e s
2 0  0 0 0  3 0 0  0 0 0
c y c l e s  c y c l e s
Figure 6. 5
Series of X-radiographs showing damage in a CFRP (0/902)s coupon during
fatigue at 500 MPa («150% of static 90* ply cracking stress).
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L A M I N A T E
W I D T H
G R O W I N G
C R A C K
T R A N S V E R S E  
PLY C R A C K S
F i g u r e  6 . 8
S c h e m a t i c  a r r a n g e m e n t  o f  c r a c k s  c o n s i d e r e d  i n  t h e  c a l c u l a t i o n  o f  t h e  
s t r e s s  a t  t h e  t i p  o f  a  g r o w i n g  t r a n s v e r s e  p l y  c r a c k ,  s p a c e d  a t  a  d i s t a n c e  
2 s  f r o m  a d j a c e n t  c r a c k s ,  u s i n g  t h e  s h e a r  l a g  a n a l y s i s  o f  S t e i f  ( 1 9 8 4 ) ,
CFRP 0 /9 0 6 /0  90 °ply thickness 0.75mm fa tiq u e  CT -150MPa
3  applied-
60000 cycles 200000 cycles 500 000 cycles
5mm
F i g u r e  6 . 9 ( a )
S e r i e s  o f  X - r a d i o g r a p h s  s h o w i n g  s l o w  g r o w t h  o f  t r a n s v e r s e  p l y  c r a c k s  i n  a  
CFRP ( 0 / 9 0 3 ) s c o u p o n  d u r i n g  f a t i g u e  a t  a  m a x im u m  s t r e s s  o f  1 5 0  MPa ( f r o m  
t h e  X - r a d i o g r a p h s  i n  F i g u r e  6 .  1 ) .
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N o r m a l i s e d  c r a c k  l e n g t h  v s  n u m b e r  o f  c y c l e s  f o r  t r a n s v e r s e  p l y  c r a c k s  A 
t o  E i n d i c a t e d  i n  F i g u r e  6 . 9 ( a ) .
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F i g u r e  6 . 1 1
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  c r a c k  s p a c i n g  f o r
t r a n s v e r s e  p l y  c r a c k s  i n  a  CFRP ( 0 / 9 0 3 ) s c o u p o n  a t  m a x im u m  c y c l i c  
s t r e s s e s  ( a )  1 5 0  MPa a n d  ( b )  2 8 5  MPa.
1 °nnx -  235 MPa (a )
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F i g u r e  6 .  12
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  c r a c k  s p a c i n g  f o r
t r a n s v e r s e  p l y  c r a c k s  i n  CFRP ( 0 / 9 0 2 ) s c o u p o n s  a t  m a x im u m  c y c l i c  s t r e s s e s  
( a )  2 3 5  MPa, ( b )  3 6 0  MPa a n d  ( c )  5 0 0  MPa.
©max = 500 MPa {c]
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CRACK SPACING (m m )
F i g u r e  6 .  12 ( c o n t i n u e d )
A v e r a g e  c r a c k  g r o w t h  r a t e
t r a n s v e r s e  p l y  c r a c k s  i n  CFRP ( 0 / 9 0 2 ) s c o u p o n s  a t  
( a )  2 3 5  MPa, ( b )  3 6 0  MPa a n d  ( c )  5 0 0  MPa.
1.5 2
v s  c r a c k  s p a c i n g  f o r  
m a x im u m  c y c l i c  s t r e s s e s
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F i g u r e  6 .  1 3 ( a )
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  c r a c k  s p a c i n g  f o r
t r a n s v e r s e  p l y  c r a c k s  i n  GFRP ( 0 / 9 0 ) s c o u p o n s  ( 9 0 *  p l y  t h i c k n e s s  0 .5 2 m m )  
a t  m ax im u m  c y c l i c  s t r e s s  9 5  MPa w i t h  R r a t i o  0 .  1 a n d  0 .  5 .
R 0.1
E
E
to
£
CL
0
8CD
3
CL,a
250
200
0 0.2 0.4 0.6 0.8 1.2 1.4
CRACK SPACING (m m )
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F i g u r e  6 .  13 ( b )
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  c r a c k  s p a c i n g  f o r
t r a n s v e r s e  p l y  c r a c k s  i n  GFRP ( 0 / 9 0 > s c o u p o n s  ( 9 0 °  p l y  t h i c k n e s s  0 .5 2 m m )  
a t  m ax im u m  c y c l i c  s t r e s s  1 4 0  MPa w i t h  R r a t i o  0 .  1 a n d  0 .  5,
R 0.1
CRACK SPAGNG (m m )
R 0.5
CRACK SPACING (m m )
F i g u r e  6 .  1 3 ( c )
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  c r a c k  s p a c i n g  f o r
t r a n s v e r s e  p l y  c r a c k s  i n  GFRP ( 0 / 9 0 ) s c o u p o n s  ( 9 0 °  p l y  t h i c k n e s s  0 ,5 2 m m )  
a t  m ax im u m  c y c l i c  s t r e s s  1 7 0  MPa w i t h  R r a t i o  0 .  1 a n d  0 ,  5,
CRACK SPACING (m m )
Cl c+ax — 9 0  MPa SI cTmax — 1 2 0  MPa 8  cj+ax — 9 1  MPa
F i g u r e  6 .  14
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  c r a c k  s p a c i n g  f o r  t r a n s v e r s e  p l y  c r a c k s  i n  
GFRP ( 0 / 9 0 ) s c o u p o n s  ( 9 0 °  p l y  t h i c k n e s s  0 .7 8 m m )  a t  m a x im u m  c y c l i c  
s t r e s s e s  9 0  MPa, 9 1  MPa a n d  1 2 0  MPa, R r a t i o  0 .  1,
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A v e r a g e  c r a c k  g r o w t h  r a t e  v s  s t r e s s  i n t e n s i t y  f a c t o r  r a n g e  A K  f o r  CFRP  
( 0 / 9 0 3 ) 3 a n d  ( 0 / 9 0 2 ) s l a m i n a t e s :
□ ( 0 /9 0 3) s C+ax — 150 MPa
0 ( 0 / 9 0 3 ) s c^ max “  2 8 5 MPa
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F i g u r e  6 .  15 Cb)
Average crack  growth ra te  vs maximum s t r e s s  in t e n s i t y  f a c t o r  KMAX f o r  
CFRP (0 /9 0 3) s and (0 /9 0 2) 8 laminates:
□ (0/903)s °MAX “ 150 MPa
o (0/903)s °AaX = 2 8 5 MPa
A <0/902) s C^MAX ~ 2 3 5 MPa
0 C0/902) s ( /max — 3 6 0 MPa
* < 0 / 9 0 2 ) s M^AX “ 5 0 0 MPa
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F i g u r e  6 .  1 6 ( a )
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  s t r e s s  i n t e n s i t y  f a c t o r  r a n g e  AK  f o r  GFRP 
< 0 / 9 0 > s l a m i n a t e s  C P I  < 9 0 *  p l y  t h i c k n e s s  = 0 .  78mm) a n d  CP2 ( 9 0 *  p l y  
t h i c k n e s s  = 0 . 5 2 m m ) ,  R r a t i o s  0 .  1 a n d  0 . 5 :
R =0 .  1 R = 0 .  5
CP2 l a m i n a t e Umax = 9 5 MPa O o
UmAX = 1 4 0 MPa □ □
°MAX = 1 7 0 MPa A A
C P I l a m i n a t e Umax = 9 0 MPa 0 , * -
10 - 1 « » I_____I__ I__I_I_I 1 1 xi------- 1----1---1--1—tilt
?  1 0  (D
U
3
U
\
£
- 2 .
E 1 0  " 3 -
LU
I—
<
QL
1 0 -4 _
O
QL
CD
8  1 0 - 5 :  
<
QL
O
LU
CD
10  - e -
LU
><
□ o*
Kmax ( MPa m ^ 2  )
F i g u r e  6 .  1 6 ( b )
A v e r a g e  c r a c k  g r o w t h  r a t e  v s  m a x im u m  s t r e s s  i n t e n s i t y  f a c t o r  KMAX f o r  
GFRP ( 0 / 9 0 ) s l a m i n a t e s  C P I  ( 9 0 *  p l y  t h i c k n e s s  = 0 . 7 8 m m )  a n d  CP2 ( 9 0 *  p l y  
t h i c k n e s s  = 0 .  5 2 m m ),  R r a t i o s  0 .  1 a n d  0 .  5:
R = 0 .  1 R = 0 .  5
CP2 l a m i n a t e Umax = 9 5 MPa O O
Umax = 1 4 0 MPa □ □
Umax = 1 7 0 MPa A A
C P I l a m i n a t e Umax = 9 0 MPa 0 , * -
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(a) crack branching
( b )  i n t e r n a l l y  i n i t i a t e d  c r a c k
( c )  b r a n c h e d  c r a c k  t i p
♦
F i g u r e  6 .19
P h o t o g r a p h s  s h o w i n g  t r a n s v e r s e  p l y  f a t i g u e  c r a c k  m o r p h o l o g y  i n  GFRP 0 , 9 0  
c o u p o n s .
( a )  2 m i l l i o n  c y c l e s ,  m a x im u m  c y c l i c  s t r e s s  = 1 5 0 M P a  5 mm
7 "
1 -
ll I I I 11 I I  I M  1 1 1  I ! I I I I h . U
( b )  5 9 0 , 0 0 0  c y c l e s ,  m a x im u m  c y c l i c  s t r e s s  = 2 8 5 M P a 5 mm
F i g u r e  6 .  2 0
X - r a d i o g r a p h s  s h o w i n g  d e t a i l s  o f  d a m a g e  m o r p h o l o g y  i n  CFRP ( 0 / 9 0 3 ) s 
c o u p o n s .
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F i g u r e  6 .  22.
S e r i e s  o f  p h o t o g r a p h s  s h o w i n g  t r a n s v e r s e  p l y  c r a c k  d e v e l o p m e n t  i n  a  GFRP  
( 0 / 9 0 ) s c o u p o n  ( C P I  l a m i n a t e ,  9 0 °  p l y  t h i c k n e s s = 0 .  78mm) d u r i n g  f a t i g u e  a t  
a m ax im u m  s t r e s s  o f  9 0  MPa, R r a t i o = 0 . 1. T h e  c r a c k  t i p  m a r k e d  •  
b r a n c h e s  a s  t h e  c r a c k  g r o w s  a c r o s s  t h e  w i d t h  o f  t h e  p l y .
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M i c r o g r a p h  o f  t h e  t r a n s v e r s e  p l y  i n  a  CFRP ( 0 / 9 0 3 ) s c o u p o n  s h o w i n g  t h e  
p a t h  o f  a  c r a c k  t h r o u g h  a  r e g i o n  o f  w e l l  a l i g n e d  f i b r e s  a d j a c e n t  t o  a  
r e g i o n  o f  p o o r  f i b r e  a l i g n m e n t .  T h e  0 *  p l y  h a s  b e e n  p o l i s h e d  a w a y  t o  
e x a m i n e  t h e  9 0 *  p l y .
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Figure 6.24(b)
Normalised crack length vs number of cycles for the transverse ply crack 
indicated in Figure 6.24(a).
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Figure 6. 26
Photographs showing the stress-intense zone at the tip of a transverse 
ply crack growing under fatigue loading in a GFRP (0/90)3 coupon 
(transmitted polarised illumination).
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Figure 6. 27
Photographs showing the stress-intense zones at the tips of two 
transverse ply cracks which grow to overlap under fatigue loading in a 
GFRP (0/90)s coupon (transmitted polarised illumination).
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P h o t o g r a p h s  s h o w i n g  t h e  s t r e s s - i n t e n s e  z o n e  a t  t h e  t i p  o f  
t h r o u g h - t h i c k n e s s  c r a c k  g r o w i n g  u n d e r  f a t i g u e  l o a d i n g  i n  a  G F R P  
u n i d i r e c t i o n a l  9 0 *  c o u p o n  ( < j „ A x « 2 7 %  o f  s t a t i c  s t r e n g t h ,  t r a n s m i t t e d  
p o l a r i s e d  i l l u m i n a t i o n ) .
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Figure  6 .2$
Crack length  vs number o f  c y c l e s  f o r  the th r o u g h - th i c k n e ss  crack  in  
GFRP u n i d i r e c t i o n a l  90° coupon shown in Figure 6.2©.
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The main c o n c lu s io n s  o f  t h i s  work are:
1 The development o f  t ra n sv e rse  p ly  cracks  in 0 , 9 0 , 0  type CFRP and GFRP 
laminates depends on the load  l e v e l  and the mode of  l oading.  Fast f r a c t u r e  
occu rs  under s t a t i c  l o a d in g  and at maximum f a t i g u e  s t r e s s e s  above the s t a t i c  
c ra ck in g  th resh o ld  s t r e s s .  Slow crack  growth a c r o ss  the width o f  the 
laminate occu rs  throughout f a t i g u e  l o a d in g  below the s t a t i c  c ra ck in g  s t r e s s  
and at higher s t r e s s e s  when the crack  den s i ty  i s  high and the crack  spac in g  
i s  low.
2 The t r a n sv er se  ply c ra ck in g  th r e sh o ld  i s  e f f e c t i v e l y  lowered under 
f a t i g u e  loading.  Cracks can i n i t i a t e  at maximum c y c l i c  s t r e s s e s  below the 
s t a t i c  c rack in g  s t r e s s  a f t e r  a c e r t a i n  number o f  c y c l e s ,  which depends on the 
s t r e s s  l e v e l .
3 Observat ions o f  t r a n sv e r se  p ly  c racks  growing under f a t i g u e  l oad ing  show 
that a d i f f e r e n t  type o f  crack  i s  found under f a t i g u e  l o a d in g  in CFRP 0 ,90  
laminates, namely angled short  edge t ran sv erse  ply cracks.  These are not 
observed in  these  CFRP laminates  under s t a t i c  l o ad in g  but are observed in 
both s t a t i c  and f a t i g u e  l o a d in g  in  GFRP 0 ,90  laminates,
4 The growth r a t e  o f  t r a n sv e r se  p ly  cracks  i s  a f f e c t e d  by i n t e r a c t i o n s  
between cracks  and changes in  crack  t i p  geometry which in f lu e n c e  the s t r e s s  
i n t e n s i t y  f a c t o r  at the crack  t ip .  In p a r t i c u l a r ,  the t ran sv erse  ply  crack  
growth r a te  has been shown t o  be independent o f  crack  length  but depends on 
crack  spacing.
5 The sl ow  growth o f  in d i v i d u a l  t ran sv erse  ply c racks  in  both CFRP and GFRP 
0 ,90  laminates can be d e s c r ib e d  by a Par is  f a t i g u e  crack  growth r e l a t i o n s h i p  
o f  the form da/dN = AAKm. A Par is  r e l a t i o n s h i p  o f  the form da/dN = f(AK) 
d e s c r i b e s  the complete set  o f  crack  growth data f o r  GFRP laminates at two 
d i f f e r e n t  R r a t i o s  t o  w ith in  an order  o f  magnitude.
6 The f a t i g u e  behaviour  o f  a s e r i e s  o f  d i f f e r e n t  0 ,90  and 0 ,90 ,± 45  
laminates has been s tu d ie d  and the l i f e t i m e  data have been in t e r p r e te d  using 
forms o f  f a t i g u e  l i f e  diagram. F a i l u r e  in laminates with a high p r o p or t io n  
o f  l o n g i t u d i n a l  p l i e s  appears t o  be f ib re -dom in ated  when the s t r e s s - l i f e  
r e l a t i o n s h i p  i s  compared with that o f  a u n i d i r e c t i o n a l  0° composite.  The 
presence o f  t r a n sv e r se  p l i e s  appears not to  a f f e c t  f a i l u r e .
The present work has shown that a s t r e s s  i n t e n s i t y  f a c t o r  approach i s  
a p p l i c a b l e  to  m odel l in g  t r a n sv e r se  ply  crack  growth in CFRP and GFRP 0 /9 0 / 0  
laminates.  In a d d i t i o n  t o  the dependence on s t r e s s  i n t e n s i t y  f a c t o r  range, 
AK, shown here, the f a t i g u e  crack  growth rate  i s  a l s o  l i k e l y  to  depend on a 
combination o f  a d d i t i o n a l  parameters such as temperature and c y c l i c  frequency 
and t h i s  cou ld  be i n v e s t i g a t e d  u s e f u l l y  using the present approach.
Long-term t e s t s  at low maximum c y c l i c  s t r e s s e s  ( i . e .  below about 60% o f  the 
s t a t i c  t ran sv e rse  ply  c ra c k in g  s t r e s s )  are required  t o  i n v e s t i g a t e  a p o s s i b l e  
thresh o ld  va lue o f  AK below which c racks  e i t h e r  do not i n i t i a t e  or, i f  
a l ready  present,  are unable t o  grow. The crack growth a n a l y s i s  ap p l ie d  here 
t o  epoxy matrix com pos ites  cou ld  a l s o  be used f o r  laminates with a d i f f e r e n t  
matrix mater ia l ,  e .g .  a th er m o p la s t i c  ( in  which case  the con stan ts  A and m in 
the Par is  r e l a t i o n  should be d i f f e r e n t )  and f o r  laminates with a ( ± © / 9 0 ) s 
c o n f i g u r a t i o n  in which the degree  o f  c o n s t r a in t  on the 90° ply  i s  v a r ie d  by 
vary ing  the o r i e n t a t i o n  o f  the surrounding  p l i e s .  It  would a l s o  be 
i n t e r e s t i n g  t o  c o n s i d e r  crack  growth p a r a l l e l  t o  the f i b r e s  in ±© p l i e s  
where mixed-mode crack  growth occurs.
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